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A B S T R A C T
In this thesis, new  h ig h -a n g u la r  resolution in f ra red  and m il l im e te r-w av e  
spectroscopic  observations o f  the en igm atic  ou tf low  activ ity  associated w ith  the 
lum inous DR21 s ta r - fo rm in g  region are p resented  and discussed. T he  in ten t  is to 
use these observations to und e r tak e  a detailed  investiga tion  o f  the  physical 
na tu re  o f  the  cen tra l  d riv ing  engine and the  re la ted  dynam ica l  processes 
involved  in co llim ating  the hypersonic  ou tf low  gas.
In the  in f ra re d ,  large-sca le  m app ing  and h ig h -sp ec tra l  resolution profile  
m easu rem en ts  o f  the  v ibra tional H 2 v = l - 0  S(l)  line are used to investigate  the 
m orpho logy  and  k inem atic  s truc tu re  o f  the  hot, dense gas tha t  is collisionally 
exc ited  beh in d  fast  shocks. The  H 2 emission delineates a h igh ly -co l l im a ted  pair
o f  b ipo lar  je ts  th a t  ex tend  over a p ro jec ted  d istance o f  ~ 5 pc, cen tred  on the
DR21 m olecu la r  c loud core; this is undo u b ted ly  the  most lum inous (in H 2 line 
emission) and ex tended  galactic ou tf low  source yet discovered. F u r th e rm o re ,  the 
H 2 line p ro files  a t ce r ta in  locations w ith in  the  je ts  possess h ig h -v e lo c i ty  wings 
tha t  ex tend  to b eyond  100 k m s - 1  f ro m  the DR21 res t  velocity. These 
observations pose in te res t ing  dynam ical consequencies as a t such h igh  velocities 
H  2 should  be en tire ly  dissociated.
In an  a t te m p t  to derive  the mass d is tr ibu tion  and  velocity  s t ru c tu re  o f  the 
m olecu la r  gas p a r t ic ipa ting  in the ou tf low , and  hence  the  d riv ing  fo rce  and
associated m echan ical  lum inosity , de ta iled  observations w ere  also u n d e r ta k e n  at 
m il l im e te r-w av e len g th s  in  the CO J= 1 -0  and  CS J = l - 0 ,  J = 2 - l  lines. It is found  
tha t  the  DR21 ou tf low  is considerab ly  m ore  massive and energetic  th an  any 
o the r  ou tf lo w  source stud ied  to date. A no ther  fea tu re  un ique  to the  DR21
reg ion  is the  d iscovery  o f  ex tended  h ig h -v e lo c i ty  CS emission th a t  is 
dynam ica lly  associated w ith  the ou tf low  lobes and ex tends  to a d istance  o f  ~ 3 
pc f ro m  the  c loud  core; this co m ponen t p resum ab ly  orig inates f ro m  am b ien t  gas 
th a t  has been sw ept up and com pressed by the outf low . T h e  h ig h -v e lo c i ty  CS 
m ay be o v e ra b u n d a n t  by 2  orders o f  m agn itude ,  in good ag reem en t  w ith  c u rren t  
num erica l  m odels o f  p o s t-sh o ck  chem istry .
T he  CS observations fu r th e r  reveal the  existence o f  an  ex trem ely  massive, 
slowly ro ta t ing  disc o f  h ig h -d e n s i ty  neu tra l  gas th a t  su rrounds  the cen tra l  
o u tf low  source. It is most p robable  tha t  the large m o m en tu m  f lux  in  ou tf low  
m ateria l  derives  f ro m  e ff ic ien t  mass-loss f rom  the  su rface  of  this disc, m ed ia ted  
v ia  a cen tr ifuga lly  propelled , m ag n e to -h y d ro d y n a m ic  w ind . A n additional 
co n f in m en t  m echan ism  is requ ired  to collimate the  o u tf low  at large distances 
f ro m  the f low  origin. I f  this c o n f in m en t  is p rim ari ly  p ressure  d r iven ,  then  
su d d en  changes in  the  am bien t  cloud p ressure  could  induce  a succession of  
ob lique  shocks w ith in  the  ou tf low  th a t  m ay give rise to the  pe r iod ic  c lum py  
s tru c tu re  th a t  characterizes  the H 2 em iss ion-line  jets. O ther consequencies  of  the 
p re s su re -c o n f in m e n t  m echanism  are discussed and  a broad  resem blance  to 
ex tragalactic  rad io  je ts  is rem ark ed  upon.
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C h ap te r  1 IN T R O D U C T IO N  T O  T H E  THESIS
L arg e -sca le  m app ing  of the d is tr ibu tion  of  ro ta tional ca rbon  m onox ide  (CO) 
em ission in the  galaxy has p ro v id ed  concre te  ev idence  in fa v o u r  of  the notion 
th a t  a m a jo r  f rac t io n  of  in te rs te lla r  molecules are assembled into g rav ita tionally  
b o und  condensa tions ,  ap p rop r ia te ly  te rm ed , G ian t  M olecular Clouds (G M Cs) 
(Scoville & Solomon 1975; G o rd o n  & Burton  1976; Cohen & T haddeus  1977; 
Solomon & Sanders 1979). T he  physical conditions characteris tic  o f  a typical 
G M C  have, in tu rn ,  been  deduced  f ro m  extensive m ill im e te r -w av e  observations 
o f  m olecu la r  ro ta tional line em ission, at h igher  angular  and spectra l  resolutions, 
m ain ly  in the J = l - 0  transitions o f  1 2 CO, 1 3CO (Dickm an, 1979) and , in some 
instances, C 180  (F re rk ing , L anger  & Wilson 1982). As a resu lt  o f  these 
observations it  is now  believed tha t  the  G M C s are p robab ly  the  m ost massive 
ob jec ts  in  the  galaxy, conta in ing  be tw een  1 0 4  - 10 7 M 0 o f  m olecu la r  gas, w ith  
l inear  d im ensions ex tend ing  f ro m  1 0  -  1 0 0  pc, and  are am ong  the  coolest 
ob jec ts  k n o w n  in  the  U n iverse ,  w ith  k inetic  tem pera tu res  o f ten  below 10 K. 
T he  physical states o f  these clouds and the ra te  a t w h ich  they  evolve d ep en d  on 
the  hea ting  and cooling o f  m a tte r  com posed  alm ost en tire ly  o f  m olecular  
h y d ro g en  ( H 2). As a guide fo r  com parison  w ith  the  observations p resen ted  in 
this thesis , the  physical p ropert ies  cu rren t ly  th o u g h t  to charac ter ize  a typical 
G M C  w ith in  our own galaxy are sum m arized  in  T a b le f l . l ] ,
W ithin  a G M C  there  m ay  be several core regions o f  en h an ced  CO 
exc i ta t io n  te m p era tu re ,  these su b -condensa tions  usually be ing  in t im ate ly  
associated  w ith  cu rren tly  fo rm ing  a n d /o r  recently  fo rm ed  stars (E lm egreen  & 
L ad a  1976,1977; Blitz 1980; Ho, M artin  & B arre t t  1981). In general,  any 
lum inous  o b jec t  w ith in  the core region o f  a G M C  will be observable  only in
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TABLE 1.1
BASIC PHYSICAL PROPERTIES OF GIANT MOLECULAR CLOUDS (GMCs)
LARGE SCALE CLOUD : 
dust/gas = 0.01 (by mass)
visual optical depth, rv = 1.08 Av « 20 - 100
n(H2) = 500 - 2,000 cm'3
diameter = 2R = 10 - 100 pc
mass = 104 - 107 M0 typically 105 M0
kinetic temperature of gas, Tk = 10 - 20 K
All of luminosity will emerge in far-infrared or submillimeter.
CORE REGIONS : 
n(H2) = 104 - 10s cm"3 
diameter < 4 pc 
mass = 100 - 104 M0 
Tk = 40 - 100 K
Active star formation may be in progress.
i.e. IR sources
OH, H20 masers 
young stars (T Tauri) 
compact HII regions 
molecular outflows
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th e  in f ra re d  since all the rad ia t ion  will, u lt im ate ly ,  be deg rad ed  to in f ra red  
pho tons  th ro u g h  absorp tion  and re -em iss ion  by dust grains m ixed  in w ith  the 
h ig h -d e n s i ty  gas (Stahler, Shu & T am m  1980 & 1986). T he  core regions, being 
ch a rac te r ized  by dust  tem pera tu res ,  T d = 30-100  K ,  are  s trong 10, 20, 50 and 
100 f im  in f ra re d  con t in u u m  sources, whilst the G M C , as a w hole , will rad ia te
p re d o m in a n t ly  in the 300 fa n  reg ion  due to its lower average dust  tem pera tu res ,  
T d = 10-20 K.
I f  s tar  fo rm a tio n  has con tinued  fo r  longer than  1 0 5 y r ,  then , in all 
p rob ab i l i ty ,  the  m ost massive stars will have  evolved to the ir  nuc lear  hyd rogen  
b u r in g  phase, thus leading to the  genera tion  o f  a b u n d a n t  ionizing rad ia t ion , 
accom pan ied  by the im m ed ia te  fo rm atio n  o f  an u l t r a -c o m p a c t  rad io  co n t in u u m  
and  reco m b in a t io n - l in e  nebula . M u l t i - f r e q u e n c y  rad io  co n t in u u m  and 
n e a r - in f r a r e d  B racke tt  a lpha  H I re c o m b in a t io n - l in e  observations are  thus 
ex trem ely  usefu l as in d irec t  tracers  o f  recen t  h ig h -m ass  star fo rm a tio n  w ith in
dense  cloud cores. M ore  im portan tly ,  i f  bo th  rad io  and  in f ra re d  observations are 
availab le  fo r  the same s ta r - fo rm in g  cloud core, th en  i t  is possible to investiga te  
w h e th e r  the  lum inosity  derives  p r im ari ly  f ro m  a single massive s tar or a cluster 
o f  low er-m ass  stars. I f  the  la tte r  case applies, th en  such  observations can 
f u r th e r  be used to estim ate  the lum inosity  fu n c t io n  fo r  the  stars in  the  cluster; 
a q u an t i ty  o f  im m ense  im portance  fo r  u n ders tand ing  the  star fo rm a tio n  process
and its in f luence  on the in it ia l  mass fu n c t io n  (L ada & Wilking 1984; L ada  
1986).
T h e  m ost im p o r tan t  advance  in the observational s tudy  o f  s tar fo rm a tio n  
w ith in  G M C s has taken  place over the last decade and  involves the  d iscovery  o f  
h ig h ly -e n e rg e t ic  and organized motions associated w ith  the gas fo rm in g  the
dense  cloud  cores, as revea led  th ro u g h  the ub iqu itous observa tion  o f  anom alously
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b ro ad  CO line profiles. These flows were  f irs t  d iscovered by the observa tion  of  
e x te n d e d  w ings o f  CO J = l - 0  ro ta tional line emission along the  line o f  s igh t to 
the  O rion  M olecular  Cloud (Z u ck erm an ,  K u ip e r  & R o d r ig u e z -K u ip e r  1976). 
M a p p in g  o f  the h ig h -v e lo c i ty  emission regions suggests an an iso trop ic  angu lar  
d is t r ib u t io n  o f  the red  and b lu e - sh i f te d  velocity  com ponen ts  (Bally & L ada 
1983). Centres  o f  these m olecular flows o f ten  co incide w ith  b r ig h t  sources of 
in f ra re d  emission w hich  may rep resen t  sites o f  recen t  s tar fo rm a tio n  (D ow nes et 
al. 1981; also, see L ada  1986, fo r  an  excellent review). Since such f lows have 
been  observed  in bo th  h igh -m ass  (e.g. O rion) an d  low -m ass (e.g. T  T a u r i  stars) 
s tar fo rm a tio n  sites, they  may co rrespond  to a un iversa l  evo lu tiona ry  stage 
be tw een  the  collapse o f  the p a ren t  m olecular  cloud and  the even tua l  fo rm a tio n  
o f  new  stars. Indeed , the  occurrence  o f  an energetic  m ass-loss phase  during  
early  stages o f  the star fo rm ation  process m ay play an im p o r tan t ,  i f  not 
decisive, role in f ix ing  the fina l mass o f  the young star fo rm ed  and , on a m ore  
global scale, m ay de te rm in e  the  in it ia l  p ro to -s te l la r  mass fu n c t io n .  D ep en d in g  on 
th e ir  l ife t im es , h ig h -v e lo c i ty  m olecular  outf low s can also p resen t  the  m a jo r  
source  o f  energy  and  m om en tu m  in jec t io n  in to  the natal  G M C s and  m ay, 
th e re fo re ,  help therm alize  the c loud m ed iu m  and  prolong the l ife tim es o f  G M C s 
b ey o n d  th e ir  p red ic ted  f r e e - fa l l  timescales (~ 1 0  s yr).
The n a tu re  of  the  energy  source responsible  fo r  d riv ing  these hyperson ic  
m otions is p resen tly  a com ple te  enigm a, b u t  is inev itab ly  associated, in  some 
broad  physical sense, w ith  the  s tar fo rm a tio n  process itself. N u m ero u s  theore tica l 
models have been  p roposed  w hich  a t tem p t  to exp la in  this en igm atic  p h en o m en o n  
in term s of a d iverse  varie ty  of  fu n d am en ta l  physical processes, how ever ,  the  
c u r re n t  status of  the observations is inadequate  to unam biguously  d if fe re n t ia te  
b e tw een  any  of  these equally  plausible models.
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C learly , because o f  its fu n d am en ta l  im portance  to all aspects  o f  star 
fo rm a tio n  and  m olecu la r  cloud evolution, a deeper  u n d e rs tan d in g  o f  the 
en igm atic  you n g -s te l la r  ou tf low  p h enom enon  is perhaps  one o f  the  most 
im p o r ta n t  quests bestow ed upon  in f ra red ,  m ill im eter  and radio  observers  at this 
m o m en t  in  time. As a consequence  o f  the na tu re  o f  the s ta r  fo rm a tio n  process 
(takes place in the optically  opaque cores o f  dense m olecular  clouds), 
advancem en ts  in  this exciting  new  fie ld  o f  galactic as tronom y rely heavily  upon 
the accum ula tion  o f  bo th  line and con t in u u m  observations at w avelengths  longer 
than  1 ¿un.
T he  observations presen ted  in this thesis w here  m otiva ted  by  the desire  to 
im p ro v e  u p o n  existing observations by u n d e r tak in g  a de ta iled  inves tiga tion  of  
one p a r t icu la r  ou tf low  source, D R 21 , using in fo rm a tio n  derived  f ro m  in f ra red ,  
m il l im eter  and rad io  l in e /c o n t in u u m  observations. T he  ra tionale  was th a t  these 
de ta iled  observations w ould  supply  im p o r tan t  new  constra in ts  govern ing  the 
physical n a tu re  and  tim e evolu tion  o f  the poorly  unders tood  you n g -s te l la r  
o u tf low  phenom enon .
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C H A P T E R  2 B A C K G R O U N D  T O  T H E  H .  M O L E C U L E
2.1 P R O P E R T IE S  O F  T H E  H : M O L E C U L E
T h e  p roperties  o f  d ia tom ic  molecules are trea ted  in detail by H erzberg  
(1950). H ere ,  only those ' notations and  concepts d irec tly  re la ted  to the m olecular  
h y d rogen  ( H 2) molecule  will be b r ie f ly  review ed.
Fig.[2.1.1] shows an energy  level d iagram  o f  the H 2 molecule. Each 
e lec tron ic  state has a series o f  v ib ra tiona l levels (w ith  v ib ra t iona l  q u an tu m  
n u m b e rs  v) and  each of these breaks up  in to  a ro ta tional,  f in e  s t ru c tu re  (with 
ro ta t iona l  q u an tu m  num bers  J). Since H 2 is a hom onuclear  m olecule , electric  
dipole  transit ions can only occur  be tw een  d i f fe re n t  e lec tron ic  states. The  
transitions f ro m  the electronic  g round  state X 1!]^ to the B 1! ^  and C i n u states 
are  k n o w n  as the L ym an  and  W erner bands w ith  wavelengths in  the  f a r  
u l trav io le t  reg ion  (912 -  1108 Â). T rans i t ions  are labelled by  giving the up p er  
and low er v ib ra tiona l q u an tu m  n u m b er ,  v, and  by R (J), Q(J) or P(J), if  the 
ro ta t iona l  q u an tu m  n um ber ,  J, o f  the  lower state changes by  1, 0, -1 ,
respectively . A ccu ra te  w avelengths and  correspond ing  spontaneous trans it ion  
probab il i t ies ,  A , fo r  the  d i f fe re n t  spectra l  lines can be fo u n d  in the l i te ra tu re  
(Allison & Dalgarno 1970, C a r tw rig h t  & D rapa tz  1970).
In  con tras t  to the  overtone  elec tronic  states, e lectric  and  m agnetic  d ipole 
transit ions  be tw een  d i f fe re n t  v ib ra t io n a l- ro ta t io n a l  levels of  the  e lec tron ic  g round  
state are  fo rb id d e n ,  bu t  e lectr ic  quad rupo le  transit ions  m ay  occur. These 
quad ru p o le  transit ions are labelled by  the up p er  and  low er v ib ra t iona l  q u an tu m  





































































































the lower sta te  changes by 2 , 0  or - 2 , respectively. 0 - 0  transit ions  are 
fo rb id d en .  T h e  s trongest v ib ra t iona l-ro ta t iona l  lines with Av = 1 occur  a round  2 
/rm in the n e a r - in f r a r e d  region, while pure  ro tational lines (in the v = 0  state) 
lie b e tw een  3 and  28 /rm. E m pirica l m easurem ents  and theore tica l calculations of 
v ib ra t io n a l- ro ta t io n a l  energy  levels (up to v = 4) and correspond ing  transition  
values can be fo u n d  in D abrow ski (1984). In A p p e n d ix [ l] ,  tables are given 
w h ich  list the  w avelengths,  energies and spontaneous transit ion  values of  m any  
o f  the  s trongest H 2 quad rupo le  transitions in the  n e a r - in f r a r e d  w indow  (1-5  
/¿m). Because H 2 has a very small m om en t o f  iner tia ,  the ro ta tional levels are 
w idely  spaced , i.e. exc ita tion  tem pera tu res  reach  a few  h u n d re d  degrees even for  
the  lowest levels. T h u s ,  the vast m a jo r i ty  o f  the H 2 molecules in the in terste llar 
m ed iu m  will f reeze  into the lowest energy  state and  can the re fo re  only be 
d e tec ted  in the  u l t ra -v io le t  electronic  resonance lines th ro u g h  absoption  against a 
b ack g ro u n d  c o n t in u u m  source. Localized excita tion  m echanism s such as U V  
p h o ton  p u m p in g  fo llow ed by  cascade th rough  the v ib ra t io n a l- ro ta t io n a l  levels of  
the  g ro u n d  e lec tron ic  state or collisional excita ion at h igh  m olecular  densities 
and  tem p era tu res  are  prerequisites fo r  emission in  the  n e a r - in f r a r e d  lines. 
P ro m in e n t  rad io  lines (like the 21 cm line of  H) do no t  exist, only very  weak 
lines a ro u n d  50 and 500 K h z  (u l t ra - f in e  s truc tu re )  due  to the  in terac tion  
b e tw een  nuc lea r  spin  and nuclear  ro ta t ion  are  p resen t  (Field  et al. 1966). 
T h e re fo re ,  the  d irec t  observation  o f  m olecular  h y d ro g en  in  the in ters te llar  
m e d iu m  has to reside  on spectroscopy at in f ra re d  and  fa r -u l t ra v io le t  
wavelengths.
As a resu lt  o f  possessing two nuclei w hich  hap p en  to be identica l ferm ions, 
H 2 exists in  two d i f fe re n t  form s, o r t h o - H 2 and  p a r a - H 2 (H erzberg  1950). 
O r t h o - H 2, in  w h ich  the nuclear  p ro ton  spin  p ro jec t ions  are parallel, consists o f  
nuc lea r  t r ip le t  states charac terized  by  o d d - J  ro ta tional q u an tu m  num bers  only. In
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p a r a - H 2, the  nuc lear  spin  pro jec tions  are antipara lle l ,  thus the  sym m etry  laws o f 
q u a n tu m  m echanics  allow only singlet states, and the m olecule  is characterized  
by e v e n -J  ro ta tional levels only. Following the  usual rules govern ing  angular
m o m e n tu m  stastistics, the stastistical weight, g, o f  a level, J, in the g round  state 
is 3(2J+1) fo r  odd J (ortho-FI 2) and (2J+1) fo r  even J ( p a r a - H 2). Since the
exo th e rm ic i ty  o f  the  fo rm a tio n  reaction  of  H 2 exceeds the  re la tive energy
spacing o f  the  even and  odd states, then  the p robab il i ty  tha t  the  fo rm ing
m olecule  will end up in odd or e v e n -J  fo rm  is s im ply  p roportiona l to the 3:1
re la tive  statistical w eights o f  the  respective states (Reeves & Flarteck 1979). 
O r th o -p a ra  in te rchange  via  rad ia tive  or simple collisional processes is s tr ik tly
fo rb id d e n  (D algarno , Black & Weisheit 1973, Dalgarno 1975, R eeves & H arteck  
1979). D algarno  (1975) has shown tha t,  at the tem pera tu res  and  densities 
charac ter is t ic  to the  cool in terste llar m ed ium , practica lly  all o f  the H 2 p resen t 
will be in  the  lowest J ro ta tional states o f  the lowest v ib ra tiona l state : J=0 for 
p a r a - H 2 a n d  J=1 fo r  o r t h o - H 2. The energy  d e f ic i t  bew een  these two lowest 
states rough ly  correseponds to 170 K. T h e re fo re ,  at low tem pera tu res  one would 
expec t  a n e t  convers ion  of  o r th o -F I 2 to p a r a - H 2, tha t  is, the  o r th o -p a ra  ratio in 
the  in te rs te lla r  m ed iu m  should  be in the range be tw een  3:1 and 0:1.
In f ra re d  observations of  v ib ra tiona l H 2 line emission towards the Orion 
h ig h -v e lo c i ty  ou tf low  (Davis et al. 1986) show that the em pirica l o r th o -p a ra  
ra tio  is indeed  3:1 fo r  a shock -exc ited  source. H ow ever ,  o f  m ore  im portance ,
are  the  recen t  observations o f  Hasegawa et al. (1987) w hich  clearly  show that
this ratio is o f  o rder  1:1 in  the U V  f luoresced  H 2 em iss ion-l ine  source 
associated w ith  the  b r ig h t  reflec tion  nebula , N G C 2023. T he  exciting  possibility  
thus  arises th a t  fu r th e r  observations of  the H 2 o r th o -p a ra  ratio in  a w ide 
var ie ty  o f  astrophysica l env ironm ents  m ay  facilita te  a new  probe  of  the physical 
and  chem ical processes tha t  occur w ith in  and a round  dense m olecular clouds.
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2.2 E X C IT A T IO N  OF IN F R A R E D  H„ L IN E  EMISSION
M olecular  hydrogen  can be excited  to p roduce  in f ra red  line emission either  
by in te rac t ion  w ith  u l t ra -v io le t  (U V ) rad ia tion  or by collisional shock heating. 
The physical processes involved in these two excita tion  m echanism s will now be 
discussed, as they  bear d irec t re levance to the in te rp re ta t io n  of  the observational 
da ta  p resen ted  in Sec.[4.2] o f  this thesis.
2 .2 .(a) N O N -T H E R M A L  E X C IT A T IO N
A fte r  abso rp tion  of  a pho ton , an  a tom  or m olecule  w i l l , usually cascade back 
th ro u g h  a va r ie ty  o f  states, reach ing  levels w hich  could not be popu la ted  by 
d irec t  rad ia t ive  transitions f ro m  the g ro u n d  state. This in d irec t  excita t ion  of 
lo w -ly in g  levels by p h o ton  absorp tion  is te rm ed  "photon pum ping" or 
"fluorescence". T he  excita t ion  of  the  H 2 m olecule  v ia  f luorescence  w ith  U V  
pho tons  was f i rs t  in tro d u ced  as a possible m echan ism  fo r  s tim ula ting  abu n d an t  
v ib ra t iona l  H 2 line emission by  Black & D algarno  (1976). T he  basic physical 
processes u n d er ly ing  the  U V  fluorescence  m echan ism  can be sum m arized  as 
follows.
U n d e r  norm al in ters te llar  conditions H 2 molecules are almost en tire ly  
concen tra ted  into the lowest (v= 0 ) v ib ra t iona l  level o f  the  g round electronic 
state , X  (see F ig .[2.1.1]). These low -ex c i ta t io n  H 2 molecules can absorb  an 
u ltrav io le t  pho ton , in the L ym an  or W erner bands (912 - 1108 A), and ju m p  to 
any v ib ra t iona l  level o f  the excited  e lec tronic  states B or C, w ith  AJ = 1. The 
m olecule  then  spontaneously  decays back  dow n to any v ib ra tiona l level, v, of 
the  g round  elec tronic  state, X . T ransitions  to levels w ith  v > 14 (or w ith  J > 5
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fo r  v = 14) lead to dissociation  of  the molecule, accoun ting  fo r  approx im ate ly  
11% of the total L ym an  and W erner band absorptions. T he  rem ain ing  89% of 
the absorp tions end up  in bound v ibrational levels o f  the e lec tron  state, X,
f ro m  w here  they con tinue  to cascade down in a series o f  ro ta t iona l-v ib ra t iona l  
transit ions to v = 0. Typ ica lly ,  fo r  every  cascading molecule , there  is a 1 to 3% 
p robab il i ty  tha t it will "flow" th rough  a particu la r  channel in the v = 1 - 0  band, 
such  as S (l)  (Black & Dalgarno). A t low densities and U V  fluxes, the rad ia tive  
cascade is en tire ly  de te rm in ed  by the p roduc t  o f  the "cascade en try  matrix" (the 
frac tion  of  p u m p ed  H 2 tha t  enters  the ground e lectronic  state in level vJ) with  
the "cascade e f f ic ien cy  arrays" (which describe the cascade lines tha t result per 
u n i t  popu la t ion  rate  o f  level vJ).
H ollenbach  & Shull (1977) describe how the observed  in tensity ,  and  hence 
the  co lum n density , o f  a specif ic  line can be re la ted  to the local U V  pum ping
rate. T he  analysis assumes tha t  m ost of  the p u m p ed  H 2 lines lie on the
sq u a re - ro o t  portion  of  the  curve  of  grow th , and th a t  ex tinc tion  by  dust is
negligible. In  essence, the  calculation  involves a sim ple  m ultip lica tion  o f  the
p u m p  ra te  by  the  p ro d u c t  o f  the  frac t ion  o f  p u m p ed  H 2 th a t  passes th ro u g h  a
level vJ and  the  rad ia t ive  l i fe t im e  o f  tha t  level. Com plica tions arise, how ever,  
in  the  dense e n v iro n m en t  o f  a cool m olecular  cloud as the U V  absorp tion  rate  
is th en  s ign if ican tly  red u ced  by  dust absorp tion  and  line se lf -sh ie ld ing  (Shull 
1978b). T he  rela tive in tensities o f  several n e a r - in f r a r e d  H 2 lines, as p red ic ted  
by the  Black & D algarno (1976) m odel, are com pared  with  those p red ic ted  by 
o th e r  line excita tion  m echan ism s (see below), in  Table[4.2.1b],
A severe lim ita tion  of  the  Black & Dalgarno (1976) analysis is tha t  their
m odel applies only fo r  the case of  low in ters te llar  densities ( n ( H 2) = 1 0 3 c m - 3 )
an d  thus canno t be used to p red ic t  emission line ratios u n d e r  norm al m olecular
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cloud  cond itions  w here  densities are high. N oting  this l im ita tion , Shull (1978a,b) 
ex ten d ed  the w ork  o f  Black & Dalgarno to the case w here  the U V  flux  is high, 
and  inc luded  m ultip le  p u m p in g  and other density  sensitive effec ts ,  f in d in g  a 
s im ilar  d is t r ib u t io n  in v bu t a spread to h igher J values. O thers  (London  1978, 
T ie lens  & H o llenbach  1985a,b) have developed m ore  e labora te  cloud m odels to 
inc lude  the  e f fe c t  o f  a region o f  photodissociation  advanc ing  into the cloud 
ahead  o f  an  expand ing  H II region. Overall, the m ain  astrophysical quantit ies  
w h ich  a f fe c t  the  popu la t ion  o f  the (v,J) levels are  found  to be the U V  
p u m p in g  ra te ,  the U V  ex tinc tion  of  the dust associated w ith  the gas (w hich
com petes  fo r  H 2 p u m p in g  photons) and the density  and tem pera tu re  o f  the gas 
( fo r  the gas can  red is t r ib u te  the population  by collisional processes). In the high 
U V  p h o ton  f lux  case, the  im p o r tan t  variable is the gas density , as the s treng th  
o f  the f luorescence  is alm ost indep en d en t  of  the  U V  f lu x  owing to an 
in te res t ing  sa tu ra t ion  p h enom enon  (Shull 1978a,b).
W ebster (1986) has il lustra ted  how the f luorescence  m echan ism  populates the 
d i f f e r e n t  m agnetic  substates fo r  a given (v,J) d if fe re n t ly  thus resulting  in
p o larized  emission; the  cascade process and collisional red is tr ibu tion  will,
h o w ev er ,  tend  to lower the degree of polarization.
R esonance  f luorescence  o f  H  2 molecules v ia  in te rac tion  w ith  L ym an
a lp h a /b e ta  line  pho tons,  fo r  exam ple w ith in  or close to lum inous HII regions, 
p rov ides  ye t  an o the r  rou te  fo r  populating  the v ib ra t iona l  states (R aym ond  et al. 
1981; Schw artz ,  D opita  & Cohen 1985).
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2.2.(b) T H E R M A L  E X C IT A T IO N
This second m ode o f  excita tion  involves the collisional excita tion  o f  H 2 in 
the ho t, dense gas fo llowing the propagation  of  a s trong shock wave th rough  a 
m olecular  cloud. The high e ff ic iency  o f  the conversion  o f  k inetic  to therm al 
ene rgy  in these m olecular  shocks can result in rap id  cooling via s trong in f ra red  
H 2 line emission. T he  po ten tia lly  large colum n densities o f  therm ally  excited  H 2 
associated w ith  these shocks fu r th e r  explains w hy this pa r t icu la r  m ode of 
excita t ion  has dom ina ted  the observational scene over the past decade  (Shull &
a
B eckw ith  198^).
T he  f i rs t  models a t tem p ting  to describe the passage of  a s trong shock w ith in  
a typ ica l m olecular  cloud env ironm en t ( n ( H 2) > 1 0 3 c m - 3 ) were construc ted  
using sim ple h y drodynam ica l  codes. U n d e r  these crude  assum ptions, the  passage 
o f  a s trong sh o ck -w av e  can be m odelled as an im pulsive  even t in a s in g le - f lu id  
m ed ium . As show n by Fie ld  et al. (1968), the shock separates into fo u r  d is tinc t 
zones; (i) the  p re - sh o c k  zone, (ii) the  region w here  the transla tional m o tion  is 
exc ited ,  (iii) the  reg ion  w h ere  v ibra tional, ro ta tional and f in e - s t ru c tu re  states are 
exc ited ,  and  (iv) the reg ion  w here  the p o s t-shock  gas is rad ia tive ly  cooled. The 
app lica tion  o f  h yd rodynam ica l  shock models to expla in  the  H 2 emission observed  
tow ard  the O rion  ou tf low  was p ioneered  by K w a n  (1977), H ollenbach  & Shull 
(1977), and L o n d o n  et al. (1977). These  models, w hich  assume p lan e-p ara l le l  
shocks and s teady-s ta te  conditions, are charac ter ized  p r im ari ly  by  two 
param eters :  th e  p reshock  density  n 0, and the shock velocity  V s. F or  a 
h y d ro d y n am ic  shock, collisional dissociation o f  H 2 becomes im p o r tan t  fo r  V s > 
25 k m s- 1 , i f  n 0 > 1 0 5 c m - 3  (Hollenbach & M cK ee  1980). F or  V s < 25 k m s - 1 , 
reg ion  (i) is negligible and region (ii) collapses to fo rm  an in f in i tes im ally  thin  
d isco n t in u i ty  in  the  translational tem pera tu re ,  T , and density ,  n.
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T h e  c rit ica l density ,  n c r jt , required  fo r  therm al popu la t ion  o f  the H 2 levels 
can be read ily  ca lculated  by noting that the collisional d e -ex c i ta t io n  rate  o f  a 
level m us t  be grea te r  than  the correspond ing  spontaneous decay rate. As the 
spon taneous  decay  rates increase w ith  increasing v ib ra tiona l quan tu m  n u m b e r  
(see A p p e n d ix [ l ] ) ,  a s trong upper  limit on the pos t-shock  density  requ ired  for
th e ram iza tion  o f  the H 2 levels can be de r ived  by considering  the specif ic  case
o f  the  v = 2 - l  S (l)  transit ion . Consequently , the  above de f in ed  cond it ion  can be 
expressed  as, n ( H ,H 2 ) .g 21 ( H ,H 2) > A 21, w here ,  n ( H ,H 2) is the density  o f  a 
specif ic  species (neutra l  or molecular), g 2 1 ( H , H 2) is the  collisional d e -e x c i ta t io n  
ra te  fo r  the  same species and A 2 , is the  co rrespond ing  spontaneous decay rate. 
U sing  the  values given by H ollenbach & M c K e e  (1979), critical densities  of, 
n(H ) > 4 x 1 0 3 an d  n ( H 2) > 3 x 1 0 s c m - 3 , are ca lculated  fo r  collisions w ith  
a tom ic  or m olecu la r  hydrogen , respectively. These two values are s ign if ican tly
d i f fe re n t  and  clearly  em phasize the p o in t  f irs t  m ade  by K w a n  (1977) tha t 
par t ia l  dissociation  o f  H 2, thus increasing n(H ), can be very  e f fec t iv e  fo r  
the rm aliz ing  the  molecule  at only m odera te  densities. F o r  p re -sh o c k  densities , n  0 
> 1 0 s c m - 3 , reg ion  (iii) m ay, the re fo re ,  also be t rea ted  as a d iscon tinu ity ,  in
w h ich  a therm al popu la t ion  of ro tational and  v ib ra t iona l  levels is p roduced .
F o r tu n a te ly ,  m odelling  o f  the  H 2 line in tensities  does no t requ ire  the use o f  
com plex  rad ia t ive  transfe r  codes as the H 2 quad rupo le  lines are optically  thin 
fo r  co lum n densities , N ( H 2) < 1 0 2 5 c m - 2 , because of  the ir  low A -values; 
observed  values fo r  N ( H 2) are typically  < 10 2 0 c m ' 2. T he  p o s t-sh o ck
te m p e ra tu re  in  region (iii) is the re fo re  given by the  usual ad iaba tic  ju m p  
ap p ro x im a tio n
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T = 2 s
j y  - 1 ] _ O V
[ 7  + 1 ] 2 k
3080  K
1 0  kms
( 2 . 2 . 1)
w h ere ,  / i0, is the mean m olecular  w eight (=2.36) and , 7 , is the  ad iaba tic  index 
(=9 /7  fo r  th ree  translational,  two v ibrational and one ro ta tional degree  of 
f reedom ).
A n  app rox im ation  to the emission in tensity  expec ted  f ro m  a p lane -pa ra l le l  
shock , v iew ed p lan e -o n ,  can be der ived  as follows. The in tens i ty  o f  a t ransit ion  
f ro m  level i to level j can be w rit ten  as
I i j  = f i  N( H2 ) A j j E j j  /  ( 4 x )  ■ ( 2 . 2 . 2 )
w h ere ,  A j j ,  is the spontaneous emission rate  (s- 1 ), E j j ,  is the  trans it ion  energy, 
N ( H 2) is the total co lum n density  (cm - 2 ) of  H 2 molecules, and , fj, is the 
f ra c t io n  o f  H 2 in the u p p e r  state. A characteris tic  cooling tim e, t c, a f te r  w hich  
the  gas is assumed to fall rap id ly  to zero tem p era tu re ,  can also be in tro d u ced
[ 7  ] k T
t c  = ---------------      ( 2 . 2 . 3 )
r 7  - 1 ] f .  A . . E . . e.
1 '  J 1 i j  i j  i j
w h ere ,  q j ,  is the  ratio o f  the total cooling ra te  to the ra te  in  the line  (ij). 
F u r th e r  no ting  tha t the total colum n density  of  H 2 molecules th ro u g h  the 
p o s t-sh o ck  layer is given by, N ( H 2) = n 0 V s t c, then susti tu tion  o f  eqns.(2.2.1) 
& (2 .2 .3 ) into eqn .(2 .2 .2 ) gives the desired result
a n Y 3 [ 27 I
I . .  = _2_____ _̂£  ------------------  (2.2.4)
^  4 i £. . [ 7 + I  I2
1 j  L J
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O ne thus arr ives  at the w e l l -k n o w n  result that the pow er per  un it  a rea  o f  the
shock  f ro n t  rad ia ted  in the H 2 line is d irectly  proportiona l to the p ro d u c t  o f  n 0
and V s 3. This sim ple p roport iona li ty ,  relating the H 2 line in tens i ty  w ith  the
o
p re -sh o c k  density  and shock velocity, is the foundation u n d er ly ing  all shock
A
in te rac t ion  codes, and will be em ployed  frequen tly  in the in te rp re ta t io n  o f  the 
H 2 observations,  to be presen ted  in Sec.[4.2],
T he  pu re ly  h y drodynam ica l  analysis described  above is, un fo r tu n a te ly ,  
severely  lim ited  in its app licab ili ty  to the real physical conditions expec ted  to 
p e r ta in  w ith in  dense m olecular  clouds. Prim arily , the  in f luence  of  m agnetic  
fie lds  can in troduce  new  physics into the problem , such as am bipo la r  d iffu s ion , 
w h ich  will s ign if ican tly  a lter the physical and dynam ica l  s t ru c tu re  o f  the shocks. 
This  has been  clearly  explicated  by Mullan (1971) and  D ra ine  (1980), who find 
tha t  i f  the  f rac t iona l  ionisation , X^0 , in  the p re -sh o c k  gas is low (i.e. X j 0  < 
5x10“ 7), then  m agnetic  fields m ay a lter substantia lly  the  s t ru c tu re  o f  shock 
w aves and in  pa r t icu la r  m ay lead to lower levels of  excita tion  and dissociation 
in the  shocked  gas than  in  the  n o n -m ag n e t ic  coun te rpa r ts  (D ra ine ,  R oberege  & 
D algarno  1983).
D ra ine  (1980) defines a critical p reshock  m agnetic  f ie ld  s t reng th , B crj t, 
w h ich  separates two distinct classes of  shock wave s truc ture ; Bc r j t  depends  on 
V s , n 0 and X j0 . When the com ponen t o f  the p re - s h o c k  m agnetic  field 
p e rp en d icu la r  to the shock velocity , B 0 j_, is less th an  B c r j t , then  n e u tra l -n e u tra l  
collisions dom ina te  the m om en tu m  transfe r  in the shock. As a result,  the  gas is 
su d den ly  accelera ted  and  heated  in  the  shock f ro n t  over a length  scale short 
com pared  with  charac teris tic  cooling lengths. T he  shock f ro n t  can th e re fo re  be 
trea ted  as a non rad ia t ive  d iscon tinu ity  or "jump"; D ra ine  te rm s such s truc tu re
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"J -type"  shocks. Shocks in in terste llar m olecular gas are  J - ty p e  fo r  shock 
velocities , V s > 40-50  k m s - 1 (M cK ee , C h e rn o f f  & H ollenbach  1984). These 
shocks are the re fo re  dissociative and radiate  s trongly  at  U V  and optical
w avelengths. T he  s trongest in f ra red  lines generated  by J - t y p e  shocks are usually 
f ine  s t ru c tu re  lines, such as [01] 63 ¿im and [Sill] 38 /xm; emission in H  20  and 
O H  lines can also becom e im p o r tan t  coolants at h igh  p re -sh o c k  densities  (n 0 > 
1 0 7 c m - 3). H 2 re fo rm a tio n  on grains may occur fu r th e r  dow nstream  f ro m  the 
ho t shock f ro n t ,  in the cooler recom bina tion  region. This  process can elevate the 
gas tem p era tu re  and may give rise to weak H 2 line emission at velocities
sign if ican tly  sh if ted  re la tive to the cloud rest velocity. T h e  neu tra l  tem pera tu re ,  
dens ity  and f low  velocity  profiles o f  a J - ty p e  shock are schem atica lly  shown in 
F ig .[2.2.la].
When, Bc r it > B 0 j_, then  the  acceleration  o f  the neu tra l  gas is due to 
collisions w ith  charged  partic les (ions, electrons and grains). F o r  su ff ic ien tly  
strong  m agnetic  fields, com pressive (magnetosonic) waves can p ropaga te  upstream  
o f  the  shock thus helping to sm ooth  out any su d d en  d iscon tinu it ies ,  resulting  in 
an  in te rac t ion  length scale w h ich  is long com pared  to the  charac ter is t ic  cooling 
length . D raine  terms such s truc tu re  "C-type" shocks since the s truc tu re  
pa ram ete rs  are continuous variables. T he  theore tica l m odelling  of  C - ty p e  shocks
is ra th e r  com plicated  as re la tive  in terac tions in  a f o u r - f lu id  m ed iu m  m ust be
trea ted . In  contrast to J - ty p e  shocks, C - ty p e  shocks exist only  in  m agnetized , 
w eak ly  ionized molecular gas and , as a consequence  o f  the  low er excita tion  
conditions ,  rad ia te  p rim arily  at in f ra red  wavelengths.
T he  im p o r tan t  observational e ffec ts  o f  m agnetic  fie lds on shocks are (i) to 
low er the peak  tem pera tu re  o f  the neu tra l  gas, (ii) to low er the com pression  of 
the  gas whilst it  is rad ia ting , (iii) to heat the  molecules over a m uch  larger
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range  o f  velocities, and (iv) to increase the crit ica l  ve locity  fo r  dissociation , Y s 
< 4 0 -5 0  k m s - 1  (Hollenbach  1982). The in tensity  o f  H 2 line emission in C - ty p e  
shocks is typically  an o rd e r  o f  m agn itude  s tronger  th an  in J - ty p e  shocks 
(C h e rn o f f ,  H ollenbach  & M cK ee  1982; D raine  & R o b e rg e  1982). T he  C - ty p e  
shock  s t ru c tu re ,  o f  the neu tra l  com ponen t,  is shown schem atica lly  in F ig .[2 .2 .lb].
20
FIGURE 2.2.1 : A schematic plot of the neutral temperature, Tn
(solid line), neutral density, n (dotted line), and neutral flow 
velocity, v (dashed line), in the rest frame of the preshock gas.
In (a), a J-type shock with a sharp discontinuity and a high T(max) 
is seen; in (b), a C-type shock is pictured with reduced T(max) but 
a substantially greater column density of warm gas, emitting over 
a wider range of v and lower values of n.
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C H A P T E R  3 O B S E R V A T IO N A L  S T R A T E G Y  O F  THIS W O R K
3.1 T H E  O B S E R V A T IO N A L  G O A LS
T he m ain  goals o f  this w ork  can be broad ly  ou tl ined  as follows:
(a) To su rvey  regions o f  recen t  star fo rm ation  fo r  H 2 line emission in o rd e r  to
f in d  p r im e  candidates  fo r  m ore  deta iled  observational s tudy.
(b) To illustra te  how the  in f ra red  H 2 line em ission can be used as a highly
advan tageous  p ro b e  o f  the  dynam ics, energetics and  m orpho logy  of h ig h -ve loc ity  
ou tf lo w  activ ity  associated w ith  star fo rm a tio n  in  dense  m olecular  clouds.
(c) To investigate  the  physical re la tionsh ip  b e tw een  the in f ra red  v ib ra t iona l  H 2 
and  o ther  d e n s i ty / te m p e ra tu re  sensitive m il l im e te r -w av e  m olecular  emissions w ith  
spatia l d isp lacem ent over the ou tf low  region.
(d) To gain a be tte r  u n ders tand ing  o f  (i) the physical orig in  of  the mass-loss
p h en o m en o n  associated w ith  star fo rm a tio n  and  (ii) the  processes involved by 
w h ich  the in jec ted  energy  and m o m e n tu m  is m ed ia ted  to the su rround ing  
am b ien t  cloud m edium . O f pa r t icu la r  in te res t  in  this rega rd ,  is an investiga tion  
of  the  physics underly ing  the c o l l im a t io n /c o n f in m e n t  m echanism s tha t  lead to 
the  fo rm a tio n  of  aniso trop ic  (bipolar) ou tf low s, or je ts ,  w ith in  dense m olecular 
c loud environm ents .
(e) To h igh ligh t  the  po ten tia l  o f  co llabora tive  in f ra red  and  m il l im e te r-w av e  
s tudies, p re fe rab ly  at com parab le  angu lar  reso lu tion , as an  im p o r tan t  new
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te chn ique  fo r  p rob ing  the detailed m ic ros truc tu re  o f  hypersonic  m olecular  flows. 
This  te chn ique  is applicab le  to any region w here  dense molecular gas is shocked 
by im p ac t  w ith  a supersonic  flow.
T h e  purpose  o f  this thesis is to p resen t a detailed  in f ra red  and 
m il l im e te r -w a v e  spectroscopic  s tudy  o f  the ex trem ely  vio lent ou tf low  activ ity  
associated w ith  lum inous star fo rm ation  in ternal to the DR21 m olecular  cloud. 
F ro m  the appearance  o f  the "quick-look" spectroscopic  maps o f  the seven 
ou tf lo w  sources (OM C2, N G C 6334, W51, W49, G L691, NG C 1333 and DR21) 
observed  d u r in g  the p re l im ina ry  H 2 v = l - 0  S ( l)  em iss ion-l ine  su rvey , it was 
im m ed ia te ly  obvious tha t  the DR21 H 2 source w ould  prove the m ost in teresting  
fo r  fu r th e r  study; being considerab ly  b r igh te r ,  larger in angular  ex ten t  and 
m orpho log ica lly  m ore in teresting  than  any of the  o ther  o u tf low  sources 
m en tio n ed  above. F u r th e rm o re ,  at th a t  tim e (1983), a n u m b e r  o f  observations 
h ad  already  been  pub lished  w h ich  unam biguously  prove  the en igm atic  na tu re  of 
this dynam ica lly  active region. In  pa r t icu la r ,  the  DR21 source was already  
kn o w n  to possess a f a r - in f r a r e d  lum inosity  (H arvey  et al. 1977), CO profile  
w id ths  (D ickel et al. 1978) and  ex tended  H 2 line emission analogous in na tu re  
to those p rev iously  observed in  association w ith  the ex trem ely  in te res t ing  and 
well s tud ied  O rion  ou tf low  source. It was th e re fo re  w ithou t reserva tion  tha t  I 
d ec id ed  to focus all fu tu re  e f fo r t  in u n d e r tak in g  as detailed  a s tu d y  as possible 
o f  the  fasc ina ting  DR21 s ta r - fo rm in g  region.
3.2 A D E S C R IP T IO N  O F T H E  O B SE R V IN G  T E C H N IQ U E S
By analogy  w ith  the O rion  ou tf low  source (Beckw ith  a t al. 1978), it  is most 
l ikely  th a t  the  in f ra red  H 2 em iss ion -l ine  regions associated w ith  o the r  m olecular
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clouds are s im ilarily  charac terized  by ex tended , d if fu se  emission w hich  m ay not 
necessarily  co incide w ith  o the r  previously  iden tif ied  indica tors  o f  s ta r - fo rm a tio n  
ac tiv ity .  It is thus good observational stra tegy to execute  searches fo r  such
em ission w ith  ins trum ents  accom odating  large beam sizes; once the main areas of 
in te res t  are well de f in ed  on a global scale, only then  is the applica tion  of
h ig h e r -a n g u la r  resolution advised. A ppropria te ly ,  I always adop ted  a s tandard  
p rac tice  o f  com m encing  w ith  the lowest angular  and spectral resolution available 
( typ ica lly , a 20 arcsec beam  and 1% CV F), then care fu lly  progressed to h igher 
reso lu tion , the final ou tcom e depend ing  upon the time available and the 
u n d er ly ing  brightness o f  the source in question.
F o r  the  line in tens i ty  m easurem ents ,  the c ircu lar  variab le  f i l te r  (CVF) gives 
good results fo r  sources in w h ich  the l in e - to -c o n t in u u m  ratio  is large, o therw ise, 
i f  the  c o n t in u u m  com prises a s ign if ican t  frac t ion  o f  the  line emission then  a 
F a b ry -P e ro t  in te r fe ro m e te r  (FP), o f  low resolution (i.e. 100 k m s - 1 ), was used in
o rd e r  to increase the available  line equivalen t w id th . A t  h ig h er  velocity
reso lu tion , the  line  m ay  be par tia lly  resolved, resulting  in  a decrease o f  the
l in e - to -c o n t in u u m  ratio. C onsequen tly ,  a velocity  reso lu tion  h igher  than  100 
k m s ~ 1 was em ployed  only w h en  line profile  in fo rm a tio n  was desired.
T he  p roblem  of chopp ing  the secondary  m irro r  and  b e a m -sw itch in g  the 
telescope be tw een  the signal and sky re fe rence  positions in regions o f  larger 
em ission ex ten t  than  the  chop th row , was solved using a varie ty  of  s tandard  and 
some n o t- so - s ta n d a rd  techniques. The  specific  observing m ode chosen varied
f ro m  o b jec t  to o b jec t  depend ing  on the an tic ipa ted  line strengths  and an "a
priori" know ledge of the em iss ion-l ine  d is tr ibu tion  and the  existence o f  other
em ission com ponents  w hich  m ay fu r th e r  confuse  the  H 2 m app ing  observations 
(ie. the  location o f  b r ig h t  stars or lum inous HII regions).
24
T h e  various observ ing  m ethods em ployed to obtain  the in f ra red  data  presented  
in  this thesis w ere  as follows:
(a) D U A L - B E A M  CH O PPIN G : This is the most com m only  used m ethod  at
in f ra re d  w aveleng ths  were  therm al background  f luc tua tions  dom ina te  over most
o the r  po ten tia l  noise sources. C onsequently , it  is the best m ethod  to use i f  the
source  size is smaller than  the chop th row  (for  U K I R T ,  this is a m ax im u m  of
4 a rcm in ) ,  i f  the  observations are m ade under  b a c k g ro u n d - l im ite d  conditions
(i.e. a t w avelengths above 2.4 fim  th rough  a CV F), i f  w ea the r  conditions are
poor, or i f  sca ttered  m oonligh t is a p roblem . It is the re fo re  p re fe rab le  to
de fau l t  to this w e l l -p ro v en  m ethod  w hen at all possible. All o f  the  long-base line
C V F  spec tra  and  veloc ity -reso lved  H 2 line profiles p resen ted  in this thesis were 
C
a q u ired  using this technique .
A
(b) S IN G L E -B E A M  CH O PPIN G : This is a seco n d -b es t  a lte rna tive  to m e thod  (a). 
I f  the  source  size is larger than  the  m ax im u m  chop th ro w  bu t less than  than 
two chop th row s in w id th  then  two maps can be m ade, in the  le f t  and  r igh t
beam s, each covering one ha lf  o f  the total source area. These positive and 
n ega tive  im ages can then  be m erged  at a la ter date. T he  m a jo r  d isadvantage  
h ere ,  especially  fo r  b ack g ro u n d - l im ited  conditions, is tha t  any  local g rad ien ts  in 
the  th e rm a l  sky emission are no t  accoun ted  for. T he  H 2 v = l - 0  S(l)  
e m iss ion - l ine  maps o f  the  O rion M olecular Cloud (Fig.[4.2.1 ]), NG C 2023 (Gatley  
et al. 1986) and  the  O rion Bright Bar (Hayashi et al. 1986) were m ade using
this m e thod . T he  excellent quality  of  these pub lished  data , w hich  were made
u n d e r  d e te c to r -n o ise  l im ited  conditions, advocates the usefulness and  reliab ili ty  
of  this m e thod .
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(c) F R E Q U E N C Y -S W IT C H IN G : This m ethod  requires the use o f  a reasonably 
h ig h -sp ec tra l  resolution C V F  or FP and works best fo r  s trong em iss ion-line  
sources w ith  little or no co n tinuum  emission. Basically, the  observations are 
m ad e  w ith o u t  the use o f  the chopp ing  secondary  and w ith o u t  b eam -sw itch ing .  
Ins tead , the optical f i l te r  (FP or CVF) is m odula ted  be tw een  the w aveleng th  of 
the  em iss io n - l in e  peak  and a p red e f in ed  w avelength  lying on an uncon tam in a ted  
p a r t  o f  the ad jacen t  sky spectrum ; the switching f req u en cy  was typically  1 Hz. 
This  is the best m ethod  to use if  one has no "a priori" know ledge  o f  the source 
m orpho logy  or if  it is suspected  tha t the souce is re la tively  b r ig h t  and very 
ex tended . C a lib ra tion  was found  to be good only to the 10% level, hence , this 
is no t  a p ho tom etr ic  m ode but, nonetheless, is h ighly  desirab le  i f  approx im ate  
results are  requ ired  quickly. T he  H 2 v = l - 0  S(l)  l in e - in ten s i ty  m ap  of the  DR21 
o u tf lo w  source (Fig.[4.2.2]) was m ade using the  f re q u e n c y -sw i tch in g  m ode in 
com b in a t io n  w ith  a 100 k ins ' 1 resolution FP.
(d) D C  : This f ina l observing mode, a l though used f re q u e n t ly  a t some in f ra red  
observatories ,  was no t p roven  to be entire ly  re liable  d u r ing  test observations 
m ade  using the  n e a r - in f ra re d  In Sb pho tom eters  on U K IR T .  Specifically , it  was 
fo u n d  tha t  observing in DC m ode th rough  a large b eam  (> 10 arcsec) in  broad  
band  ( J ,H ,K )  was p lagued  by severe n o n - l in e a r  d r if ts  w h ich  could  no t be 
p ro p e r ly  deconvolved. The D C  stability  is a s trong fu n c t io n  o f  bo th  the en trance  
a p e r tu re  d iam ete r  and the  spectral resolution, and  im proves  grea tly  with 
decreasing  ap e r tu re  and increasing spectral resolution. F ro m  m y  som ew hat 
l im ited  experience  in this controversia l f ie ld , it  is m y  op in ion  tha t  DC 
observations should be conducted  only as a last resort,  using the smallest beam 
size (< 1 0  arcsec) p e rm itted  by the  source brightness and using a m ed ium  
reso lu tion  FP  in p re fe rence  to a C V F. F u r th e rm o re ,  accu ra te  and freq u en t  
m on ito r in g  of  the sky emission th ro u g h o u t  the observing per iod  are crucia l  in
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ord e r  to p ro p er ly  sub trac t  the variable  sky emission from  the final image at a 
la ter  date. U n lik e  the f req u en cy -sw itch in g  m ethod , w hich  pe rfo rm s  au tom atic  
and alm ost ins tan taneous c o n t in u u m  sub trac tion , the  DC m ode requires  tha t two 
separa te  maps be m ade, one in the line and the o the r  in the ad jacen t  
co n tinuum ; these maps are  no t tim e synchronous and consequently  necessita te  a
in te rpo la te  the  sky behav iou r  over s ign if ican t periods of  tim e will u ndoub ted ly  
in tro d u c e  add it iona l  noise thus degrad ing  the p ho tom etr ic  quality  o f  the  final 
m ap. A lthough  several a ttem pts  w ere  m ade, no data  of  any real astrophysical 
s ign if icance  was ob ta ined  using the DC method.
O f  great b en e f i t  to the in f ra re d  m app ing  observations was the recen t  
in tro d u c t io n  o f  reasonably  e f f ic ie n t  telescope control and data  aquisition  so ftw are  
a t U K I R T  (under  the  superv is ion  o f  Dr. Ian  Gatley). T he  fas t  ras te r  m app ing  
capab il i ty  was especially crucia l  fo r  the success of  m an y  o f  the  in f ra red  
observations p resen ted  in  this thesis. F u r th e r  im provem ents  in  the near  fu tu re  
should  arise f ro m  the  in tro d u c t io n  o f  a new  genera t ion  o f  w id e - f ie ld ,  
n e a r - in f r a r e d  a rray  cam eras w h ich  are cu rren tly  being developed  by several 
groups. T h e i r  m ultip lex  advantage  coupled w ith  e f f ic ien t  telescope rastering  and 
da ta  aquis it ion  so ftw are  should  increase  the p resen t  da ta  ga thering  ra te  by 
several o rders  o f  m agnitude . In re trospec t ,  m ost o f  the  in f ra re d  maps p resented  
in  this w ork , w hich  w ere  necessarily  constructed  using a single e lem ent detector , 
should  be s ign if ican tly  ex tended  by em ploying a 2 -D  in fra red  array  (cam era) to 
take  h ig h -a n g u la r  resolution images of  the  b r ig h te r  emission regions.
O bservations conducted  at n e a r - in f r a r e d  wavelengths using a 4 m eter  m irro r  
fac i l i ta te  h igher  angular  resolu tion  (effec tive ly  dow n to the seeing lim it)  than 
any  cu rren t ly  available m il l im e te r-w av e  dish, how ever,  the in f ra red  observations
carefu lly algorithm  fo r  the ir  eventual sub trac tion . A ny  a t tem p t  to
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are s ign if ican tly  in fe r io r  in terms of spectral resolution. T he  highest spectral 
reso lu tion  cu rren t ly  a t ta inable  in the in fra red  is o f  o rder  1 0  k m s - 1 , whilst 
m il l im e te r  h e te rodyne  receivers  are typically con figu red  to have spectral
reso lu tions as h igh as 0.1 k m s - 1 . In light o f  this spectral advan tage , it is 
obvious tha t only by using e ff ic ien t ,  low -noise  (i.e. SIS) m ill im eter  he terodyne
receivers is it  possible to probe  in detail the k inem atic  s t ru c tu re  of  the 
m olecu la r  gas u n d e r  study.
A n ex trem e ly - la rg e  m ill im eter  telescope (45 meters in d iam eter)  has recently
been  construc ted  at  the  N obeyam a R adio  O bservatory  in Japan; this is the
largest m il l im e te r -w av e  dish yet constructed  and is a f in e  exam ple  of
progressive p lanning . This telescope is un ique  in th a t  its p ro jec ted  beam  size on
the sky at 115 G H z, the  f req u en cy  o f the J = 1 -0  transition  of  the ab u n d a n t  CO
molecule , is app rox im ate ly  15 arcsec and is thus com parab le  to the  larger beam
sizes available  in  the  in f ra red  w ith  U K IR T .  A  d irec t  com parison  be tw een  the
in f ra re d  and  m ill im e te r  observations is there fo re  s tra igh tfo rw ard . A ppropria te ly ,
ex tensive  use o f  the  N obeyam a  telescope has been  m ade in  o rd e r  to p rocu re
m ill im e te r  v e lo c i ty -ch an n e l  maps in  a varie ty  o f  density  and tem p era tu re
sensitive m olecular  emission lines fo r  d irec t  com parison  w ith  the  n e a r - in f r a r e d
H 2 data. These studies clearly illustrate w hy a com bina tion  o f  observations
spann ing  a w ide  range  o f  frequenc ies  are crucia l  fo r  fo rm u la t in g  an  overall 
e
p respec tive  of  the p rob lem  in hand , in  this case, an u n ders tand ing  of  the 
A
im por tance  of  mass loss during  early stellar evolution.
In total, 80 hours o f  observing tim e at the  U n ited  K in g d o m  In f ra re d  Telescope 
was aw arded  to this p ro jec t ,  o f  w hich  only 50% was of  su ff ic ien t  pho tom etr ic  
quality  to prov ide  usable data. In contrast ,  out o f  the 110 hours o f  observing 
time allocated at the  N obeyam a R adio  O bservatory , only 20% o f  the data was
28
lost due  to poo r  w ea ther  conditions.
3.3 A N  O U T L IN E  O F T H E  P R E S E N T A T IO N
T h e  observations are presen ted  in  chronological o rd e r  thus enabling  the  reader  
to ap p rec ia te  the s tra tegy  adopted  and, hopefu lly ,  also the logical m an n er  in
w h ich  the p rob lem  of unders tand ing  the na tu re  o f  the pecu lia r  dynam ical
m otions in h e re n t  to the fascinating DR21 region was approached . F irs t ,  in
Sec.[4.2], the  p re l im inary  large-scale  m apping  observations (June  1984) o f  the 
D R 21/W 75S  m olecular  cloud com plex in  in f ra red  H 2 l ine emission are described. 
It was the d ram atic  appearance  of  this map (F ig .[4.2.2]) w hich  in itia lly  k indled  
in te res t  in this par t icu la r  s ta r - f ro m in g  region, as it clearly reveals the 
exceptional lum inosity ,  size, and h igh ly -co ll im ated , b ipo la r  m orpho logy  o f  the
DR21 m olecular  outflows. Also in Sec.[4.2], fo l lo w -u p  h ig h -sp ec tra l  resolution 
p ro f i le  m easurem ents  (June 1985) o f  the  H 2 v = l - 0  S(I) line, taken  at several 
positions along the ou tf low  lobes, are presented; these observations were  m ade in 
o rd e r  to supp lem en t k inem atic  in fo rm ation  to the  existing  l in e - in ten s i ty  maps. 
Flaving ga thered  a satisfy ing quan ti ty  o f  exciting and in fo rm ativ e  in f ra re d  data, 
it  was then  (O ctober 1985) deem ed pro f i tab le  to em b ark  upon  the nex t  stage of 
the  investiga tion , w hich  entailed  h ig h -an g u la r  reso lu tion  m app ing  of the 
m il l im e te r -w av e  CO emission using the 4 5 -m  telescope belonging  to the 
N obeyam a R ad io  Observatory . The results o f  the CO observations are presented  
in Sec.[4.3]. F inally , in o rder to fo rm  a clearer p ic tu re  of  the role played by 
the dense core gas fo r  genera ting  and shaping the  DR21 b ipo lar  m olecular 
ou tf low s, a re tu rn  jo u rn e y  was m ade to N obeyam a (in A pril  1986), dur ing  
w h ich  tim e s im ultaneous observations of  the  CS J= 1—0 and  J = 2 - l  transitions 
w ere  u n d e r ta k e n ,  the results o f  w hich  are presen ted  in  Sec.[4.4]. In C h ap te r  5,
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the  in f ra re d  and  m illim eter  data  are com bined ,  thus p ro v id ing  an  extensive 
observa tiona l f ra m e w o rk  on w hich  to discuss the  physical state o f  the 
h ig h -v e lo c i ty  gas tha t  constitu tes the DR21 outflows. In C h ap te r  6 , a varie ty  of 
theore t ica l  ideas are in tro d u ced  to investigate  d i f fe re n t  dynam ica l  models that 
he lp  to constra in  the na tu re  o f  the central driv ing  agent o f  the hypersonic  
m olecular  outf low s and  the  physical processes im por tan t  fo r  the ir  collimation. 
F ina lly ,  in C h ap te r  7, an  overall review  of the  c u rren t  observations is given, 
and  the  m ain  conclusions der ived  f rom  these observations are sum m arized .
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C H A P T E R  4 P R E S E N T A T IO N  O F T H E  O B S E R V A T IO N A L  R E S U L T S
4.1 T H E  D R 21/W 75S  M O L E C U L A R  C L O U D  C O M P L E X
T h e  D R 21 /W 75  m olecu la r  cloud complex, d iscovered  by D ow nes & R in eh a r t
(1966) in  the ir  5 G hz  survey  o f  the Cygnus X  region, contains  several com pact
HII regions and near in f ra red  sources (W ynn-W illiams, Becklin & N eugebauer
1974). M ill im eter  line observations indicate that there  are two m olecular clouds
w ith in  this reg ion , one at V isr = -3  k m s - 1  associated w ith  DR21 and a second
at ^ l s r  = ^ k m s - 1  associated w ith  W75N, which is located app rox im ate ly  18
a rcm in  to the no r th  o f  DR21. The CO line profiles are broad  w ith  ex tended
w ing  s t ru c tu re  (FW ZI ~ 50-60  k m s- 1 ), ind ica tive  o f  h ig h -v e lo c i ty  gas flows,
over  a 2 a rcm in  d iam eter  cen tred  on the DR21 cloud core (D ickel, D ickel & 
VO ilijofi
W-atoern 1978; Phillips et al. 1981; R ichardson  et al. 1986; F ischer et al. 1985; 
G a rd e n  1986). R ad io  c o n t in u u m  in te r fe rom etr ic  observations at 6  cm  (Harris  
1973) ind ica te  tha t  the DR21 HII region is itse lf  com posed  o f  fo u r  separate  
subcondensa tions ,  all o f  w h ich  possess luminosities consis tent w ith  those expected  
f ro m  single stars o f  spectra l  types 0 9  to 0 6 .  T he  in teg ra ted  in f ra red  lum inosity  
o f  DR21 is 2 x l 0 5 L 0 (H arvey , Cam pbell & H o ffm a n n  1977). A t m id - in f r a r e d  
w avelengths,  DR21 consists o f  two m ajor  com ponents  D R 21(N ) and DR21(S)
(W ynn-W illiam s, Becklin & N eugebauer  1974), superposed  on an ex tended  region 
o f  d if fu se  em ission showing a p ro m in en t  eas t-w est  a sym m etry  (H arvey  et al. 
1986). Genzel & Downes (1977) have detected  an H 20  m aser near the southern  
source and  suggest tha t  this o b jec t  m ay be the  do m in an t  ou tf low  centre. 
F ischer ,  R ig h in i -C o h e n  & Simon (1981) have detec ted  an  ex tended  source of  
sh o ck -ex c i ted  H 2 line emission ~ 90 arcsec east o f  DR21 w ith  an ap paren t  
lum inosity  o f  ~ 2  L 0.
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W ithin  a 3 a rcm in  radius o f  DR21 are two o ther  in f ra red  sources: W75(IRS1) 
and  W75(IRS2) (W ynn-W illiams et al. 1974). W75(IRS1) is closely associated with
an O H  maser, D R 21(O H ), which  have a com bined  lum inosity  of  ~ 5 x 1 0 4 L 0
(H arv ey  et al. 1977). W75(IRS2) lies w ith in  1 arcm in  o f  the  lum inous DR21
f a r - in f r a r e d / r a d io  peak, bu t  does not show any local e n h an cem en t  of 
m id / f a r - i n f r a r e d  emission above tha t expected  f ro m  the DR21 d if fu se  
com ponen t;  this source is, how ever, com parable  in brigh tness  to D R 21(N ) & 
DR21(S) at 20 //m. H 2 line emission has been detected  at the position of 
W75(IRS1) by F ischer et al. (1981), who m easure a S (l)  line lum inosity  o f  ~ 0.1
L«r
D esp ite  the p lethora  of  published data concern ing  the D R 21/W 75 reg ion  and 
its env irons ,  a ttem pts  to u nders tand  its detailed  s truc tu re  and  k inem atics  have 
b een  h in d e re d  by the confused  aspect w hich  it presents  to us. Since it  is
s i tu a ted  in  a local spiral a rm  v iew ed tangentia lly , spatially  separa ted  fea tu res  are 
su p e r im p o sed  along the same l in e -o f -s ig h t ;  such con tam ina tion  is par t icu la r i ly  
ev id e n t  in  the  CO emission profiles presen ted  in  Sec.[4.3]. T he  most com m only  
q u o ted  distance  to the D R 21/W 75 molecular cloud com plex  is 3 kpc; this 
d is tance  scale is the re fo re  adop ted  th ro u g h o u t  the  fo llow ing discussions. As a 
w o rd  o f  w arn ing , how ever,  the reader  should  always be aw are  of  the 
conside rab le  uncer ta in ty  in the assumed distance (1.5 to 3 kpc), especially  when 
assessing the physical a rgum ents  presen ted  in  C hap te r  5 & 6 .
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4 -2 O B SER V A T IO N S o f  i n f r a r e d  v i b r a t i o n a l  h  l t n e  e m i s s i o n
4.2.(a) IN T R O D U C T IO N  T O  T H E  H 2 O B SER V A TIO N S
R e c e n t  developm ents  in n e a r - in f ra re d  astronom ical technology  have m ade the 
task o f  m app ing  large areas o f  the sky (tens o f  square  a rcm in)  in the d iffuse  
line emission of  v ib ra t iona lly -exc ited  H 2 a cu rren t ly  feasib le  and highly 
a t trac t ive  proposition . T he  large-scale  d is tr ibu tion  o f  in tens i ty  and  velocity  width 
o f  the H 2 emission ob ta ined  f rom  such observations p rov ide  a d irec t  p robe  of
the physical state  and dynam ical s truc tu re  o f  the ho t com ponen t o f  the
m o lecu la r-c lo u d  m ed ium  in w hich  these lines orig inate . If  m ore  than  one H 2 
trans it ion  is s tud ied , then useful constraints  regard ing  the spatial d is tr ibu tion  of 
excita t ion  and  ex tinc tion  over the region m ap p ed  m ay  also be der ived  (e.g. 
B eckw ith  et al. 1983; Beck & Beckw ith  1983, G eballe  et al. 1986).
Previously , such observations have necessarily  b een  res tr ic ted  to the  central 
ou tf low  reg ion  o f the O rion  M olecular C loud, o therw ise  kn o w n  as OM C1, where 
the line in tensities  are an  o rder  o f  m agn itude  s tronger  th a n  any o the r  presently  
kn o w n  H 2 em iss ion-l ine  source. As pa r t  o f  our H 2 m app ing  p rog ram m e, we
(Gatley  et al. 1986) have im p ro v ed  upon  the  prev ious observations by  ex tending
the  area m apped  to cover a 7 a rcm in  by 7 a rcm in  reg ion  cen tred  on the 
T rap ez iu m  stellar cluster, as shown in  Fig.[4.2.1], T he  a p p a ren t  size o f  the 
b r ig h t  H 2 em ission-line  reg ion  associated w ith  the  O rion  h ig h -v e lo c i ty  outf low  
is ex trem ely  com pact (less than  1 a rcm in  in d iam eter) ,  hence , only a lim ited 
am o u n t  o f  in fo rm atio n  can be derived  regard ing  the deta iled  o u tf low  m ophology 
at the angular  resolution em ployed fo r  this m easu rem en t  (18 arcsec beam); note 
th a t  the  ex tended  emission is no t associated w ith  the  h ig h -v e lo c i ty  ou tf low  bu t
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Right ascension (1950)
FIGURE 4.2.1 : Contours of H2 line intensity in the Orion region,
made using a 100 kms-1 resolution FP and an 18 arcsec beam. Crosses 
indicate the positions of the infrared objects, BN (upper) and Ire 2 
(lower) and the asterisks the positions of the Trapezium cluster star 
Ori (upper) and the starfi^Ori (lower). The lowest intensity 
contour corresponds to a flux of 2(- 20) W cm-2 and the highest contour 
to a flux of 2(-i'§) W cm-2. The measurements were made on a square 
grid with 15 arcsec spacing. The dashed line indicates the extent
o f  t h e  r e g i o n  m apped .
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orig inates  at the ionization  fron ts  which  separa te  the  T rap ez iu m  HII region from  
the O rion M olecular C loud (Hayashi et al. 1985).
A n  im proved  u n ders tand ing  o f  the role played by highly  energetic  gas flows 
in young -s te l la r  evolution the re fo re  relies heavily  on the collection of  
com parab le  data  fo r  o the r  active s ta r - fo rm in g  regions w h ich , p re fe rab ly ,  possess 
ou tf low s of  larger angular  ex ten t than the  O rion  source. With this ra tionale  in 
m ind ,  the decision was made to und e r tak e  a de ta iled  H 2 em iss ion-l ine  survey  of 
the D R 21/W 75S m olecular c loud com plex , w h ich , in re trospec t ,  is p robab ly  one 
o f  the best candidates  fo r  such an investigation.
4.2.(b) O B SER V IN G  M E TH O D S E M P L O Y E D  F O R  T H E  H : O BSER V A TIO N S
T h e  H 2 observations were  m ade during  1984 Ju ly  5 -8  and  1985 Ju ly  10-14
at the 3 .8 -m  U n ited  K in g d o m  In fra red  Telescope (U K IR T )  on M auna  Kea. The
in tens i ty  of  the  H 2 v = l - 0  S(l)  line was m ap p ed  using a 130 k m s - 1  resolution
F a b ry -P e ro t  in te r fe ro m e te r  (FP) placed d irec tly  in  f ro n t  o f  a cooled circu lar  
variab le  f i l te r  (CVF) tuned  to transm it  a t 2.122 /mi. A t  this resolution, the line 
is spectra lly  unreso lved  (see Sec.[4.2.d]). Beam  diam eters  o f  18 and  10 arcsec 
w ere  used fo r  the m easurem ents  taken  in  1984 an d  1985, respectively . On bo th  
occassions, the line in tensity  m easurem ents  w ere  m ade by sequentia lly  sw itching 
the FP . be tw een  frequencies  near the nom ina l S ( l)  line f req u en cy  and two 
absolute  re fe ren ce  frequencies  chosen to lie on un co n tam in a ted  parts o f  the
ad jacen t  a tm ospheric  spectrum ; a sw itch ing  f re q u e n c y  o f  1 Hz was used 
th roughou t.  These observations were  m ade  using the telescope in DC m ode, for  
w h ich  the  ch o p p ing -secondary  m irro r  is red u n d an t .  E ach  spec trum  thus obta ined  
consisted of  th ree  spectral points spaced by 75 km s- 1 , w ith  a total in tegra tion
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t im e o f  3 and 10 sec per po in t  fo r  the 18 and 10 arcsec beam  observations, 
respective ly . Both maps are h a l f -b e a m  sam pled, w ith  sky spectra  and absolute 
po in ting  checked  a f te r  every  10 m ap positions. R ela tive  positions were 
estab lished  by o ffse tt ing  the telescope f rom  a nea rby  b r igh t  s tar and are 
accura te  to 2 arcsec. W avelength ca libra tion  o f  the f req u en cy -sw itch ed  data  was 
d e te rm in e d  by observing the H 2 v = l - 0  S(l)  line of  the b r ig h t  p lane ta ry  nebula , 
N G C  7027. L ine f lux  ca lib ra tion  was ob ta ined  by scaling the S(l)  line fluxes at 
the peaks of  line emission in the east and west lobes, to those m easured  with 
the C V F  th rough  the same sized ap e r tu re ,  bu t this time, using the secondary  
ch o p p e r  and  beam  switching.
C V F  scans (0.85% resolution) over a 2 .0-2.5 f im  in terval were taken at the 
s trongest peaks of  line emission in bo th  lobes, using 2 0  and 1 2  arcsec beams. 
F lux  ca lib ra tion  o f  these C V F  spectra  was based on m easurem ents  o f  the  2.1 
/ im  f lux  density  o f  BS7949, whose K  m agn itude  and  tem p era tu re  were assum ed 
to be +0.11 and 6000 K , respectively.
H ig h e r -sp ec tra l  resolution v = l - 0  S ( l)  line profiles were also ob ta ined  at 
several positions along the o u tf low  axis in bo th  lobes, where  the line in tensity  
show ed strong local m axim a. These m easurem ents  were  m ade using an 
a m b ie n t- te m p e ra tu re ,  p iezoelectr ic  scanning FP  o f  nom inal resolu tion  ~ 25 
k m s- 1 . T h e  basic in s trum en ta l  s e t -u p  consisted o f  a collim ator feed ing  parallel 
ligh t th ro u g h  the FP, fo llow ed by a 0.8% blocking f i l te r  (CVF) and f inally , 
re im ag ing  the processed light onto a single 0 .5 -m m  square In Sb detector. Both 
the C V F  and In Sb de tec to r  w ere  cooled to solid n itrogen  tem pera tu re .  T he  
resu ltan t  ins trum enta l p rofile ,  m easured  using a h ig h -p re ssu re  argon arc , showed 
a reasonab ly  sym m etric  L oren tz ian  pro f ile  w ith  a FW H M  ~ 35 k m s ' 1. In this 
observ ing  m ode, w here  tem pora l s tability  and rep roduc ib il i ty  are crucial,
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chop p in g  o f  the secondary  m irro r  at 3.5 Hz and telescope b eam -sw itch in g  130
arcsec N -S  was favoured  over the DC m ethod. F lux  ca lib ra tion  o f  the profiles 
was a t tem p ted  bu t  is not accura te  due to the com plexities and uncerta in ties
in tro d u ced  by the overlap  o f  ad jacen t  orders (aliasing) resulting from  the
inadequate  resolution o f  the CVF; although the C V F  is ideally suited as an 
o rd e r  sorter  fo r  the  100 k m s - 1  resolution FP, it  allows app rox im ate ly  four
orders to overlap  in the case o f  the h ig her- reso lu tion  FP. Aliasing is not too 
severe  a p rob lem  if, as is the case fo r  D R 21, the underly ing  co n tinuum  is 
neglig ib le  and no o the r  strong emission lines occur  w ith in  the  FP pass-band . It 
is th e re fo re  expec ted  tha t the observed line profiles give a good rep resen ta tion  
o f  the  in tr ins ic  source kinematics.
4.2.(c) A P P E A R A N C E  O F T H E  H : EMISSION L IN E  MAPS
C on to u r  plots d isplaying the d is tr ibu tion  of  H 2 v = l - 0  S ( l)  line f lux  over the 
DR21 m olecular  cloud com plex, m easured  using an  18 and 10 arcsec beam , are 
show n in F igs .[4.2.2] and  [4.2.3], respectively. T he  S (l)  in tens i ty  contours reveal 
the  ex is tence  o f  an ex trem ely  sinuous and  e longated  region o f  H 2 line emission 
o r ien ted  rough ly  E -W , and  p e rpend icu la r  to the N -S  m a jo r  axis o f  the 
D R 21/W 75S/W 75N  m olecular cloud chain  (Fig.[5.1.1 ]). A n  a b ru p t  b reak  in  the 
con t in u i ty  o f  the H 2 line emission, co inc iden t w ith  the DR21 cloud core and
associated HII region, bisects the  elongated  s truc tu re  into spatially  d is tinc t east
and  west lobes. T he  emission spans a p ro jec ted  d istance of  ~ 5 (D /3 k p c )  pc
along the E -W  axis, has a m ax im u m  b read th  o f  ~ 1 (D /3 k p c )  pc, and becomes
bo th  w eaker  and na rrow er w ith  increasing d istance f ro m  the DR21 cloud core. 
The  east lobe is shorter  and appears m ore com pressed than  the west lobe and 




eastern  peak is broken  in to  at least three subcom ponen ts  w hich  fo rm  an 
ou tw ards  d irec ted  arrow , h ighly  rem in iscen t o f  a segm ented  shell, o r ien ted  
rough ly  orthogonal to the E -W  m ajor  axis. In the west lobe, the peak of S(l)  
line emission similarily  lies closest to the geom etric  cen tre  bu t ,  in con tras t  to
the east lobe, exhibits  a h ighly  collimated and som ew hat s inuous internal 
s t ru c tu re  elongated  parallel to the m a jo r  axis. A ddit iona l  sm alle r-sca le  s truc tu re  
in  the fo rm  of regularily  spaced peaks or ’kno ts’ o f  w eaker  line em ission is 
c learly  resolved w ith in  both  lobes.
4.2.(d) SPECTRO SCO PY  O F  H : L IN E  EMISSION
A t a spectral resolution o f  130 k m s " 1 the peaks of  line emission in the east
and  west lobes are spectrally  unresolved and have S(l)  line f luxes, in a 20
arcsec beam, of  8 .2x10 " 2 0  an d  9 .5x10 " 2 0  W c m " 2, and fo r  the case o f  a 12
arcsec beam , 4 .7x10 " 2 0  and  5 .6x10 " 2 0  W c m " 2, respectively  (typical e ro r fs  are
A
±0.5x10 " 2 0  W c m " 2). K  b an d  C V F  spectra  of the east and w est peaks, m easured  
in  a 20 arcsec beam , are shown in Fig.[4.2.4] and a list o f  rep resen ta t ive  H 2 
l ine fluxes is g iven in Table  [4.2.1],
Profiles of  the S(l)  line, m easured  at 12 d i f fe re n t  locations across the  H 2
lobes, are presen ted  in Fig.[4.2.6] and  the re la tive positions at w h ich  these 
observations were m ade are ind ica ted  in  F ig .[4.2.5]. A listing of  the specific  
p ro f i le  param eters  is g iven in  Table  [4.2.2], As can be seen f ro m  these f igures ,  
the  S (l)  p rofiles at d i f fe re n t  locations in the source show d is t inc t  d if fe ren ces  in 
the  velocity  of  peak emission and w id th  at h a l f -m a x im u m  in tensity . O n average, 
the  velocities o f  peak emission in the west lobe are s ign if ican tly  blue sh if ted  by 
ab o u t  10 k m s " 1 relative to those in the  east lobe. F u r th e rm o re ,  a t the  position
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W avelength  (pm)
FIGURE 4.2.4 : CVF spectra of the peaks of H2 line emission in
the east and west lobes of the DR21 outflow source. Both 
measurements were made using a beam size of 20 arcsec. The spectral 
resolution of these measurements is /¿i\ = 120. The wavelengths 
of several H2 lines and of HI Brackett gamma are indicated. The 
positions at which these spectra were taken and the measured line 
fluxes are tabulated in TABLE[4.2.1].
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TABLE 4.2.1a:
OBSERVED DR21 INFRARED LINE FLUXES IN 20 ARCSEC BEAM




EAST H2 PEAK 1-0 S( 1) 2.122 82 (+/- 5)
RA : 20h 37m 22s Br 2.168 8 (+/- 3)
DEC: 42° 09' 10" 1-0 S(0) 2.223 19 (+/- 3)
2-1 S(1) 2.248 13 (+/- 3)
2-1 S(0) 2.356 '8 (+/- 3)
WEST H2 PEAK 1-0 S(1) 2.122 95 (+/- 5)
RA : 20h 37m 08s 1-0 S(0) 2.223 24 (+/- 3)
DEC: 42° 08' 33" 2-1 S(1) 2.248 10 (+/- 3)
2-1 s(0) 2.356 8 (+/- 3)
TABLE 4.2.1b :
THEORETICAL H2 LINE RATIOES
MODE OF 1-0 S(0) 2-1 S(l)
EXCITATION 1-0 S(1) 1-0 S(l)
































































































































































































































OBSERVED (Obs.) & DECONVOLVED (Dec.) 










1 -26 14 -8 52 20 95 1.35 2.9(— 20)
2 0 -6 -10 48 15 60 ■ 1.05 4.0
3 -28 -23 -17 65 35 110 1.00 2.1
4 -42 -28 -5 53 23 105 1.07 2.0
5 -103 -18 +4 45 23 >140 * ? 0.9
6 -152 -24 -17 63 37 115 0.81 3.6
7 -150 -33 -14 57 26 140 0.94 2.2
8 -148 -42 -8 63 23 175 * 1.07 2.7
9 -158 -44 -21 80 58 230 * 1.02 5.3
10 -165 -44 -22 60 23 140 * 1.32 2.7
11 -156 -56 -19 65 22 160 * 0.71 2.9
12 -192 -74 +16 61 25 105 0.74 3.0
NOTES :
1 : Quoted flux is integrated over entire profile.
2 : Measurements were made using a 10 arcsec beam.
3 : Typical error in integrated flux is (+/- 15%).
4 : Maximum error in velocity calibration is (+/- 5 kms-1).
5 : B/R, which is the ratio of integrated line flux to the blue and red of the
velocity of peak-line emission, is a measure of the profile asymmetry.
6 : The symbol, *, signifies that the deconvolved profiles are multi-component.
7 : The individual profiles are shown in Fig.[4.2.6] and the positions at
which each measurement was made in Fig.[4.2.5].
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of  b r ig h tes t  line emission in the west lobe (posn.9, in Figs.[4.2.5] & [4.2.6]) the 
S ( l)  p ro f i le  is exceed ing ly  broad  (FW HM  > 50 k m s " \  FWZI > 200 k m s " 1) 
co m p ared  to the  co rresp o n d in g  profile  at the b righ test  position in the east lobe 
(posn.2). F ig .[4.2.7], w h ich  illustrates a d irec t com parison  of these two profiles, 
c learly  shows th a t  the  S ( l)  line from  the west lobe has a b road  peak  and
possessess an  ex ten d ed  blue w ing, in s trik ing contrast  to the eastern lobe profile  
w h ich  is bare ly  resolved and has an emission centro id  tha t lies closer to the rest 
velocity  o f  the  DR21 m olecular  cloud (Vjsr ~ -2 .5 k m s- 1 ).
It  is in te res t ing  to com pare  the w id th  o f  the broad S(l)  p rofile  observed 
tow ard  the west lobe o f  the DR21 H 2 source w ith  tha t o f  the w e ll-s tud ied , 
h ig h -v e lo c i ty  H 2 emission in the Orion ou tf low  (N adeau , Geballe & N eugebauer  
1982). In  o rd e r  to fac il i ta te  such a com parison, a velocity-reso lved  S (l)  line
p ro f i le  was observed  tow ard  Peak 1 in Orion, at a later date, using an
in s tru m en ta l  s e t -u p  identica l to tha t em ployed fo r  the DR21 m easurem ents . A
com parison  o f  the DR21 and  Orion S(l)  profiles (Fig.[4.2.8]) shows that both
possess s im ilar  w id ths  at h a l f -m a x im u m  intensity  (i.e. ~ 55 k m s " 1) and  are of 
com parab le  velocity  ex ten t.  These observations the re fo re  suggest tha t  the
h ig h -v e lo c i ty  H 2 v = l - 0  S ( l)  emission associated w ith  the DR21 m olecular je ts ,  
is s im ilar  in  n a tu re  to tha t  prev iously  iden tif ied  w ith  the O rion ou tf low  and ,
m ore  im p o r tan t ly ,  th a t  the  O rion  H 2 source is no t tru ly  un ique  w ith  regard  to 
its u l t r a -h ig h  ou tf lo w  velocities.
F ina lly ,  in  o rd e r  to investigate  the full ex ten t  o f  the h ig h -ve loc ity  S(l)  
em ission, an a t te m p t  has been m ade  to deconvolve the ins trum enta l  p ro f i le  from  
the  observed  profiles ,  thus obta in ing  a best estimate o f  the in tr insic  source
p rofile .  A 1 -D  m a x im u m -e n t ro p y  (M EM ) deconvolu tion  algorithm  was em ployed 













LSR ve l oc i t y  (km s~1)
FIGURE 4.2.7 : A comparison of H2 S(1) profiles measured at the
peaks of line emission in the east and west lobes of the DR21 
outflow source. The velocity resolution is 35 kms-1 and the beam 
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A r b i t r a r y  v e l o c i t y  ( k m / s )
FIGURE 4.2.8 : A comparison of H2 S(1) profiles measured at the
west lobe of the DR21 outflow source and at Peak 1 in Orion.
The velocity resolution is 35 kms-1 and the beam size is 
18 arcsec for both measurements.
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disp layed  in F ig .[4.2.9], A lthough  the deconvo lu tion  m ethod  canno t be trus ted  to 
give re liab le  quan ti ta t ive  results, the  m ethod  does considerab ly  reduce  the 
in tens i ty  in  the pro f ile  wings, as expected  fo r  a L o re n tz ia n - ty p e  spread 
fu n c t io n ,  thus any qua lita tive  results deduced  f rom  the deconvolved  profiles 
should  be re la tive ly  secure. F ro m  the deconvolved profiles, it appears  that, 
tow ard  the  west lobe, the S (l)  line emission extends to velocities o f  o rder  100 
k m s - 1  on e i the r  side of  the line core, whilst, toward the east lobe, the profile  
is ve ry  n a r ro w  and  shows no a p p a ren t  emission beyond  ~ 2 0  km s - 1  f ro m  the 
line core. F u r th e rm o re ,  several o f  the deconvolved profiles in the west lobe 
ap p ea r  to be m u l t i -c o m p o n e n t .  These results presen t conv incing  ev idence  for 
large varia tions in e i ther  the  geom etry  or internal k inem atics  be tw een  the east 
an d  w est lobes o f  the DR21 H 2 em iss ion-line  source.
N o t only does the w id th  and shape of  the  S(l)  line pro f i le  vary  from  
position  to position  across the  H 2 lobes, bu t  so does the ve locity  of  peak  line 
emission. A  glance at Fig.[4.2.9] shows tha t  these m easurem ents  have  cleanly 
resolved radial velocity  shifts  along the  l in e -o f - s ig h t  to d i f f e re n t  em iss ion-line
knots. M ost no tab ly , in  the west lobe the radial velocity  o f  peak  line emission 
progresses f ro m  being r e d -s h i f te d  close to the c loud core, to being s ign if ican tly  
b lu e - s h i f te d  m id w ay  along the  lobe, and then  shifts redw ards  once again at the 
ou te r  ex trem ity  of  the lobe; the  observed  sh if t  in radial  ve locity  a t peak  line 
em ission spans a range o f  > 30 k m s - 1 whilst the un ce r ta in ty  in the velocity
ca lib ra t ion  is at most 5 k m s- 1 . As will be discussed later (Sec.[4.3]), similar 
rad ia l  velocity  shifts are also seen in the h ig h e r -sp ec tra l  resolution
m il l im e te r -w a v e  CO data  and  m ay be in te rp re ted  as resulting  f ro m  period ic  
excursions o f  the m ean d irec tion  o f  m otion  o f  the  ou tf low ing  m ater ia l  relative
to the  l in e -o f -s ig h t .
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4.2.(e) T H E  H : E X C I T A T I O N  M E C H A N IS M
Shock p u m p in g  and  n e a r -u l t rav io le t  pum ping  are  com petit ive  m echanism s fo r  
p ro d u c in g  v ib ra t iona lly  excited  H 2 (see, Sec.[3.2]). A de te rm in a t io n  o f  the 
re la tive co n tr ib u t io n  o f  these m echanism s, especially fo r  regions such as DR21 
w here  both  h ig h -v e lo c i ty  flows and large u ltraviolet photon  fluxes are present, 
is thus v ita l fo r  a p ro p e r  analysis o f  the dynam ics and  energetics  o f  the 
pa r t icu la r  exc ita t ion  m echanism .
E v id en ce  w h ich  d irec tly  re fu tes  the app licab ili ty  o f  the u ltrav io le t  
f luorescence  m echan ism  fo r  genera ting  the intense H 2 line emission associated 
w ith  the  DR21 ou tf low  source, derives f ro m  the v = l - 0  S ( l ) / v = 2 - l  S(l)
l in e - in te n s i ty  ra tio  w h ich ,  if  the  H 2 emission were  rad ia tive ly  excited , w ould  be 
1.8 (Black & D algarno  1976). F o r  therm al exc ita tion , how ever,  the  same ratio 
w ould  give a value o f  10 at an excita tion  tem p era tu re  o f  a ro u n d  2000 K . A t 
the  east and  w est peaks this ra tio  is approx im ate ly  6.5 (9 d e reddened)  and 9.5 
(13 d e red d en ed ) ,  respectively . It  is there fo re  conc luded  tha t  u ltrav io le t  excita tion  
canno t be responsible  fo r  the  bu lk  of  the observed  H 2 line emission and  that 
collisional re d is t r ib u t io n  of  the level populations in the com pressed layers of  hot 
m olecu la r  gas im m ed ia te ly  fo llow ing a strong shock f ro n t  m ust be invoked  to 
expla in  the  line  ratios observed  in  the  DR21 H 2 source.
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4.2.(f)
E X T I N C T I O N  ES T IM A T E S  D E R I V E D  F R O M  T H E  H : O B S E R V A T IO N S
F o r  the  H 2 line p a ram ete r  calculations conducted  in this section, the energy  
levels used are  those given by D abrow ski (1984), the Einste in  A -v a lu es  are
tak en  f ro m  T u rn e r ,  K i rb y -D o c k e r  & Dalgarno (1977), and an  o r th o -p a ra  
h y d ro g en  ratio  o f  3 is used (see Sec.[3.1]). F or  the following analysis, i t  is 
f u r th e r  assum ed tha t  the  H 2 is excited by collisions, as was ju s t i f ied  in the 
p receed in g  section.
T h e  red d en in g  can be de te rm ined  f rom  the  C V F  spectra  (Fig.[4.2.5]) by 
c om par ing  the  observed ratio of  in tegra ted  f lux  in the  v = l - 0  Q ( l - 4 )  b lend  to 
the  v = l - 0  S ( l)  line w ith  the corresponding  ratio ca lculated  u n d e r  cond itions of  
zero ex t inc tion  (~ 1.84 fo r  therm al excita tion  at T  = 2000 K  and  w ith in  the 
range  2 .20-1 .76  fo r  1000 K  < T  < 3000 K; see Fig.[4.2.10b]). It is im p o r ta n t  to 
no te ,  how ever ,  tha t  ex tinc tion  estimates derived  using the Q b ran ch  are
som ew hat unre l iab le  as a consequence of  te lluric  absorp tion  and  tem pora l  
v a r ia t ions  th e re o f  by unreso lved  fea tures  w ith in  the  2.40-2.45 /xm w aveleng th  
in te rva l .  This is re f lec ted  by the large uncerta in t ies  in  the results. T he  v = l - 0  
Q(5) line  a t 2.455 ¿xm (seen as a fea tu re  on the  long w avelength  side o f  the  Q
b ran ch ) ,  is no t  inco rpo ra ted  into the above ex tinc tion  de te rm ina tion  because  o f
its p ro x im ity  to a strong te lluric  H 20  line.
T h e  observed  Q b ranch  to S (l)  line f lux  ratios f ro m  the C V F  data , are  3.6 
and  3.4 fo r  the east and west peaks, respectively . F rom  the d if fe ren t ia l  
ex t in c t io n  be tw een  the Q branch  (2.41 /xm) and the S(l)  line (2.12 /xm) im plied  
b y  these ratios, the extinctions at 2.12 /xm and V(5500 X) are der ived  assuming
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the  w ave leng th  d ependence  o f  the interste llar ex tinc tion  law as descr ibed  by 
L a n d in i  e t al. (1983) and R ieke  et al. (1985), i.e. A x oc X "1-85. Th is  chosen
re la t ion  is alm ost identical to the  V an de H ulst No. 15 ex tinc tion  curve. The
d e r ived  values o f  A 2 1 2 ^m along the l in e -o f - s ig h t  to the east and west lobes of  
H 2 l ine  emission are then  3.4(±1) and 3.2(±1) mag, respectively . These 
ex tinc tions  are so similar tha t a mean value of  A 2 , 2 f i m  = 3.3(±1) mag is
taken ,  w h ich  corresponds to a visual extinction  of  A v = 33(±10) mag.
4.2.(g)
T H E  H : K IN E T IC  T E M P E R A T U R E .  C O L U M N  D E N SITY  A N D  L U M IN O S IT Y
F o r  the case o f  o p t ica l ly - th in  line emission arising f ro m  a therm al
d is t r ib u t io n  o f  excited H 2 molecules, a charac ter is t ic  ro ta t io n -v ib ra t io n  
t e m p e ra tu re  can be readily  derived  by com parison  o f  the re la tive in tensities  of 
tw o lines arising from  a d jacen t  v ibra tional levels. T he  assum ption  th a t  the 
em ission is optically  th in  is an excellent one as a co lum n density  o f  ~ 1 0 " 2 5 
c m - 2  in  ho t H 2 molecules is req u ired  befo re  the  lines becom e optically  th ick  
(cf. H o llenbach  & Shull 1977). T he  co lum n density  N v j  o f  the molecules in the 
u p p e r  level (v,J) o f  a trans it ion  w ith  an observed in tens i ty  I is then
NV )J  = [ 4 i r  I ]  /  [ A h  y ]  ( 4 . 2 . 1 )
w h ere ,  A is the Einste in  A -v a lu e  and v is the f req u en cy  o f  the  transition . 
A d d it iona lly ,  i f  the level popula tions are in a Boltzm ann d is tr ibu tion ,  th en  the 
co lum n  densities N v j  are re la ted  to the tem pera tu re  o f  the gas by the re la tion
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NV ,J  G (J)
( 4 . 2 . 2 )
w h ere ,  G (J) = (2 J+ l)g spin  is the stastistical w eight of  the level (gsp jn = 3 for 
o r th o -h y d ro g e n  and 1 fo r  p a ra -h y d ro g e n ) ,  T v>j  is the energy  o f  the u p p e r  level 
in K ,  Z (T) is the pa r t i t ion  fu n c t io n  and N ( H 2) is the total colum n density  of 
ho t H 2 molecules.
T h e  most easily observable  pair  o f  lines, arising f rom  ad jacen t  v ibra tional 
levels, are the  v = ] - 0  S ( l)  and the v = 2 - l  S (l)  lines, the ra tio  of  the intensities 
o f  w h ich ,  using eqns.(4.2.1) & (4.2.2), can be expressed as follows
Substi tu t ing  into this equa tion  the  v = l - 0  S (l)  and v = 2 - l  S ( l)  line fluxes 
g iven  in  Tab le  [4.2.1] and using a d if fe ren tia l  ex tinc tion  of  (A 2 1 2 ^m _A 2 2 5 ^m) 
= 0.33 mag, based on the Q b ranch  to S ( l)  line f lux  ratio , excita tion  
te m p e ra tu res  be tw een  the  v = l  and v=2 energy  levels o f  2250(±350) and 
1950(±350) K  are ca lculated  fo r  the  east and w est peaks, respectively . It is 
h e n c e fo r th  assum ed tha t  an excita tion  tem pera tu re  o f  2 0 0 0  K ,  w hich  is
consis ten t  w ith  bo th  o f  the  above tem pera tu res  and sim ilar  to th a t  fo u n d  for
the  O rion  H 2 source (Beckw ith  e t al. 1983), is applicable  over the en tire  ex ten t  
o f  the  observed  H 2 line emission.
H av ing  estim ated the tem p era tu re  o f  the gas f ro m  w hich  the  bu lk  o f  the H 2
l ine  em ission originates, it  is now possible to calculate the  overall lum inosity
m easu red  in  H z line emission. F irst ,  how ever, it is necessary  to calculate  an 
a p p ro p r ia te  value for  the par ti t ion  func tion  Z (T) at 2000 K . T he  value o f  Z(T)
* v = i - o
0.738 exp(5594/Tvjb)xlO
I V = 2  -  1 ( 4 . 2 . 3 )
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can be co m p u ted  for  the v ibrational and ro tational energy  levels in the g round  
e lec tron ic  state by evaluating  the sum
v=i 4  J = J max
Z ( T )  = E E G ( J ) , e x p [ - T v > j / T ]  ( 4 . 2 . 4 )
v=o J=o
This  sum m ation  was evaluated  num erica lly  using values for  T v j  calculated 
f ro m  the  em pirica l constants  o f  F in k  et al. (1965) and w ith  J max chosen such 
that,  G ( J m a x ) .e x p ( -T V5j m ax /T )  was less than 10- 4 . This  num erica l  techn ique  
gives the  fo llowing results: Z(1000 K ) = 25, Z(2000 K )  = 52 and Z(3000 K ) =
8 8 . As is discussed in Flerzberg (1945), the  par t i t io n  fu n c t io n  can  also be
expressed  analytically  w ith  little loss in  accuracy. E m ploy ing  the  simple 
h a rm o n ic -o sc i l la to r ,  r ig id - ro ta to r  app rox im ation , the  in te rna l  p a r t i t io n  fu n c t io n  
Z in t(T )  can be expressed as a p ro d u c t  o f  the  ro ta tiona l Z ro t(T) and v ib ra tiona l 
Z v ib (T) parts
Z i n t (T )  = Z r o t ( T ) . Z v i b (T)
-  2 ( T /T r o t ) .[  1 - e x p ( - T v i b / T )  ] ( 4 . 2 . 5 )
w h ere ,  the  ro tational and v ibra tional m olecular  constants , T ro t  (= 87.5 K )  and
T v | b (= 6330 K ) are taken  f ro m  H u b e r  & H erzberg  (1979). A plot o f  Z(T) 
versus T , calculated  using the harm onic  oscillator app rox im ation ,  is show n in
F ig .[4 .2 .10a], Clearly, the analytical and num erica l  p red ic tions  are in adequa te  
ag reem en t.  F or  the rem ainder  of  this w ork  a p a r t i t ion  fu nc tion ,  Z(2000 K ) = 
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F I G U R E  4 . 2 . 1 0 a  : T h e  P a r t i t i o n  F u n c t i o n  Z ( T )  f o r  H2
T h e  p a r t i t i o n  f u n c t i o n  f o r  H2  m o l e c u l e s ,  Z ( T ) ,  i s  p l o t t e d  a s  
a  f u n c t i o n  o f  t e m p e r a t u r e  a c c o r d i n g  t o  t h e  h a r m o n i c - o s c i l l a t o r  
r i g i d  r o t a t o r  a p p r o x i m a t i o n  ( H e r z b e r g  1 9 4 5 ) .
^  2 . 1 2 / i
A v
F I G U R E  4 . 2 . 1 0 b  : T h e  R a t i o  o f  t h e  v * l - 0  Q B r a n c h  t o  S ( l )  L i n e  
I n t e n s i t y  V e r s u s  E x t i n c t i o n  f o r  T e x  ■ 2 0 0 0  K .
T h e  r a t i o  o f  t h e  v * l - 0  Q l i n e  b l e n d  t o  t h e  S ( l )  l i n e  i n t e n s i t y  
R = I Q ( J ) / S ( 1 )  J ' 1 , 4 ,  i s  p l o t t e d  a s  a  f u n c t i o n  o f  A y  a n d  &2.12v BZ 
1 *  2 0 0 0  K .  T h e  v a n  d e  H u l s t  1 5  e x t i n c t i o n  c u r v e  i s  u s e d  ( J o h n s o n  
1 9 6 8 ) .
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In a sim ilar m anner ,  the in tensity  in the v = l - 0  S(l)  line re la tive to the total 
in tens ity  in all H 2 lines, I to t , can be calculated  f ro m  a sum m ation  of 
eq n .(4.2.1), w hich  gives the ratio , I v = 1 _ 0 s O / W  ~ 1/10, fo r  T  = 2000 K. 
S um m ation  over a tem p e ra tu re  range 4000-500  K ,  cha rac te r is t ic  o f  the 
cond itions  expec ted  in rap id ly  cooling post-shock  gas, results in the slightly 
low er value 1/15. Due to our lack o f  know ledge rega rd ing  the fo rm  o f  the 
p o s t-sh o ck  cooling fu n c t io n ,  and hence the tem pera tu re  d ep en d en ce  o f  the H 2
co lum n density , the m ore  conservative o f  these two estim ates (i.e. I v = 1 _ 0 
s ( i ) /^ to t  ~ 1 /10) will be used to calculate the total H 2 lum inosity  from  the 
d e red d en ed  v = l - 0  S(l)  line lum inosity  (cf. Scoville et al. 1982).
In tegra ting  the  observed  S(l)  line f lux  over the en tire  area m ap p ed  and 
a d op ting  a d istance o f  3 kpc results in S(l)  line lum inosities  at the  east and 
w est lobes o f  4 and  5 L 0, respectively. F u r th e r  assum ing  tha t  A 2 , 2^ m = 
3.3(±1) mag over the en tire  su rface  area o f  H 2 line em ission, a total de reddened  
S ( l)  line  lum inosity  of  ~ 180 L 0 is ca lculated , w h ich  at T  = 2000 K
corresponds  to a total lum inosity  in  all H 2 lines of
L ( H 2)tot *  1800 ( D /3 k p c ) 2 L 0
F u r th e rm o re ,  i f  all the energy  levels are in the rm al eq u i l ib r iu m  at this same 
te m p e ra tu re  then  an up p er  lim it to the  d e red d en ed  co lum n  density  o f  ho t H 2
m olecules at the two b r igh tes t  peaks is 1 0 1 9  c m - 2 . F inally ,  the  mass of
v ib ra t iona lly  excited  H 2 molecules can be calculated  f ro m  eqns.(4.2.1) & (4.2.2), 
k n o w ing  the  total line f lux  at  earth ,  F , fo r  a source at  d is tance ,  D , as follows
Z(TX) exp(Tu/Tx) m(H2)
M(H2,Tx) = --------------------  F (4 x D2) (4.2.6)
C ( J )  h v A
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w here ,  m ( H 2) is the mass o f  the  H 2 m olecule, T u is the tem p era tu re  o f  the 
u p p e r  level, and the o ther  param eters  are as d e f in ed  p rev iously .  For the  v = l - 0  
S ( l)  line and assuming, T x = 2000 K , this equa tion  can be expressed in more 
fam il ia r  astrophysical terms
M(H2) = 1.5x10 3 [Lv=1_0 s(i)/^o] Mo (4.2.7)
T hus,  fo r  a total de reddened  v = l - 0  S(l)  line lum inosity  o f  L v = 1 _ 0 s/ ^  = 180
( D /3 k p c ) 2 L 0, the correspond ing  mass in hot H 2 molecules is
M ( H 2)hot = 0.27 ( D /3 k p c ) 2 M 0
A ltho u g h  the most often  quoted distance to the DR21 region is 3 kpc , it  is 
possible tha t  this value is m istaken. I f  the DR21 reg ion , and  by  im p lica t ion  the 
e n t i re  Cygnus X  com plex , is located at a d is tance  o f  only  1.5 kpc , then  the 
p red ic ted  lum inosity  and  mass of  v ibra tionally  exc ited  H 2 emission are 500 L 0 
an d  0.07 M 0, respectively. These values are still considerab ly  in  excess o f  any 
o the r  cu rren t ly  know n galactic H 2 em iss ion-line  source; i.e. the  total de reddened  
lum inosity  of  H z line emission estim ated fo r  the  O rion  sh o ck -ex c i ted  ou tf low  
source  is only 200 L 0 (Beckw ith  et al. 1983). I t  is th e re fo re  con tended  tha t
D R21 is p robab ly  the m ost lum inous galactic H 2 em iss ion -l ine  source yet
discovered.
F inally , the mass transfe r  ra te  th rough  the shocks th a t  give rise to the 
lum inous  H 2 line emission can be estim ated s im ply  by  d iv id ing  the to tal mass 
in  h o t  H 2, as derived  above, by  the average li fe t im e  o f  H 2 in  the  v ib ra tiona l 
state. T h e  time spent by  a H 2 molecule in the hot (T s > 1000 K )  p os t-shock  
zone can be calculated as follows
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t h o t  ~ [ N(H2 ) h o t / n (H2 ) p o s t - s h o c k  ] / ^ s h o c k ( 4 . 2 . 7 )
Inser t ing  the previously  d e te rm ined  values, N ( H 2 )j10t «  1 0 1 9  c m " 2-
" ( I m p o s t - s h o c k  “  I ® 5 c m “ 3 and VjJjqc^ ~ 30 k m s - 1  results in a shocked layer 
of  th ickness ~ 10 1 4  cm  and a l i fe tim e fo r  v ib ra tiona lly  excited  H 2, t } ^  « 1 
yr. T h e  mass transfe r  ra te  th rough  the shocks is then
^ s h o c k  = M(H2 ) h o t / l ;h o t  =“ 0 . 3  ( D / 3 k p c ) 2 M0 y r  1
This  is a phenom ena l  mass t ransfe r  ra te  and implies that,  p rov id ing  the outf low  
re ta ins  its p resen t v igour, a large p a r t  o f  the DR21 m olecular  cloud will be 
processed th rough  shocks in the span of only 1 0 5_ 1 0 6 yr. This m ay s ign if ican tly  
a lter  the  chem ical com position  of the am bien t  cloud gas (viz. Sec.[5.5]).
4 .2 .(h) T H E  H .  LIN E EMISSION A SSO C IA TED  W ITH W 75SfIRSl)
A  m ap of the  H 2 v = l - 0  S(l)  line  in tens ity  d is tr ib u t io n  in  the  W75S region 
is p resen ted  in  F ig .[4.2.11] and its spatial re la t ionsh ip  to the DR21 H 2 source is 
i l lustra ted  in  F ig .[5.1.1]. The line emission is resolved in to  a doub le - lobed
s tru c tu re  consisting of  two m ain  peaks separa ted  by a p ro jec ted  d istance of  ~ 1 
(D /3 k p c )  pc, and connected  by a d if fu se  halo o f  w eaker  line emission. A peak 
S (l)  line f lu x  o f  2 .1x10 “ 2 0  W cm “ 2 is observed  in a 20 arcsec beam  co inc iden t 
w ith  the young-s te l la r  o b jec t  W75(IRS1). A ssum ing  an excita tion  tem p era tu re  of 
2 0 0 0  K ,  and following the analysis descr ibed  above, then  the peak  colum n
density  o f  ho t H 2 is N ( H 2 )hot - 1 0 1 2  c m “ 2, the  total lum inosity  in all H 2 lines
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FIGURE 4.2.11 : Intensity contour plot of the W75 H2 source in
the v=l-0 S(1) line using data obtained on an 18 arcsec grid with 
an 18 arcsec beam. The first intensity contour level and the 
subsequent contour level spacings are 7(-13) Wcm-2ster-l. The 
dashed line indicates the region mapped, the hatched circle shows 
the beam size, and a linear scale, corresponding to a distance of 
3 kpc, is provided. The positions of W75(IRS1) and DR21(0H) are 
as indicated.
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7.5xlO - 4  (D /3 k p c )  M 0. Since W75(IRS1) is apparen tly  em b ed d ed  in the same 
dense  ridge  o f  gas and dust  tha t  ad jo ins  the  DR21 com plex , s ign if ican t 
ex tinc t ion  m ay  be presen t at 2 /xm. Indeed , if  W75S is ty p if ied  by  an ex tinction  
s im ilar  to tha t  der ived  for  DR21 then  L ( H 2), N ( H 2 )j10t, and M ( H 2)h ot are each 
m ore  than  an o rder o f  m ag n itu d e  larger than  the observed  values.
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4.3 O B S E R V A T IO N S  OF  R O T A T I O N A L  CO A N D  H53o- LINE EMISSION
4.3.(a) IN T R O D U C T IO N  TO T H E  CO O B SER V A TIO N S
For the purpose  o f  s tudying  the physical conditions in m olecular  clouds the 
m ost useful spectral lines are those o f  1 2CO and  1 3CO. T he  re la tive ly  high 
ab u n d an ce  o f  this molecule ( [ 1 2 C O ] / [ H 2] = X (C O ) = 10“ 4) coup led  w ith  the 
long spontaneous l i fe tim e for  the J= 1-0 trans it ion  (t = 1 / A 1 0  = l / 6 x l 0 - 8  « 0.5 
yr) com bine  to p roduce  high in tens i ty  and w idely  observable  emission for 
physica l conditions typical to most m olecular  cloud env ironm ents .  F o r  this reason 
CO observations have becom e the m a jo r  te chn ique  fo r  s tudy ing  the  astrophysics 
o f  in ters te lla r  clouds, acting as a t racer o f  H 2 co lum n density , te m p e ra tu re  and 
k inem atics  in the  clouds. M oreover,  as the conditions  requis ite  fo r  exc ita t ion  of 
the CO m olecule  are re la tively  well unders tood , and  the CO m olecule  itse lf  can 
be ap p rox im ated  by a simple r ig id  l inear ro ta to r ,  re la tionsh ips  expressing  the 
physica l p roperties  of  the  em itting  gas in term s o f  the  observable  pa ram ete rs  are 
re la tive ly  s t ra ig h tfo rw ard  to derive  and apply.
In this section , it is show n how  the  CO observations can be em ployed  as an 
ex trem ely  e f fec t iv e  p robe  of  the physical and dynam ica l  state o f  the  gas 
in te rna l  to the  DR21 m olecular outflows. In com bina tion  w ith  the  in f ra re d  H 2 
da ta  these re la tively  h ig h -an g u la r  and  h ig h -sp e c tra l  resolu tion  m il l im e te r -w av e  
CO observations presen t an  o p p o r tu n i ty  to u n d e r ta k e  a de ta iled  com para tive  
s tudy  o f  a m olecular  ou tf low  to an ex ten t  h i th e r to  unavailable.
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4.3.(b)
T H E  O B S E R V I N G  M E T H O D  E M P L O Y E D  F O R  T H E  CO  O B S ERVATI ONS
O bservations of  the m il l im e te r -w ave leng th  J = 1 -0  transit ions o f  1 2CO, 1 3 CO, 
C 1 80  and the  H 5 3 a  radio  recom bina tion  line o f  h y d ro g en  were  ob ta ined  during  
the period  1-4 M ay 1985, using the 4 5 -m  telescope o f  the N obeyam a Radio  
O bservatory  in Japan. The fro n t  end consisted  o f  a cooled sh o t tk y -d io d e  
rece iver  m o un ted  at the Cassegrain focus w ith  a m easured  system noise
te m p era tu re ,  T SyS(115 G H z) = 600-800 K ,  fo llow ed  by an IF system and a set
r  c
of sixteen 2048-channe l  acousto -op tica l  spectrom eters ;  the  velocity  resolution at
A
115 G H z was 0.1 k m s- 1 . T he  po in ting  accuracy  o f  the telescope was m easured  
to be < 1 0  arcsec in both  az im uth  and elevation f ro m  repe ti t ive  observations of 
SiO masers. T he  data  were  taken  in a p o s i t io n -sw itch in g  m ode and the 
tem p era tu re  ca lib ra tion  was established using an  am b ien t  tem p era tu re  ro tating  
ch o p p e r  in f ro n t  o f  the  receiver. T he  in tens ity  scale is in the  an tenna  
te m p era tu re ,  T a*, correc ted  fo r  a tm ospheric  and  ohm ic  losses. Since the 
b e a m - to - s o u rc e  coupling e f f ic ien cy  is e f fec t iv e ly  u n i ty  fo r  the  observations 
p resen ted  here ,  the  correc ted  rad ia t ion  te m p e ra tu re ,  T r , is der ived  f ro m  T a* 
sim ply  by d iv id ing  by the m easured  beam  e ff ic ien cy ,  rj-^ (see K u tn e r  & U lich  
1981).
R ep ea ted  m easurem ents  o f  Ju p i te r  were  used to de te rm in e  the h a l f -p o w e r  
beam  w id th , 6, and the fo rw ard  beam  e f f ic ien cy  at 115 G hz, w hich  was 
calculated  using the re la tionship
Tb [ l - e x p [ - l / n 2 ( D / e ) 2 ] ]
w here ,  T a* is the  m easured  an tenna  te m p e ra tu re ,  T b is the  brightness
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t em p era tu re  of  Ju p i te r  at f req u en cy  v (here ,  it  is assum ed that T^(115 G hz) = 
183 K; U lich , Cogdell & Davis 1973; U lich  et  al. 1980) and D is the d iam eter  
o f  J u p i te r ’s disc at the tim e o f  observation. T he  h a l f -p o w e r  beam w id th  was 
ob ta ined  by deconvo lu tion  o f  the m easured  beam  w id th ,  know ing  the  exact 
angu lar  d iam ete r  of  Ju p i te r  a t the epoch o f observa tion  and  assuming a c ircu lar  
disc o f  u n ifo rm  brightness. T he  der ived  h a l f -p o w e r  beam w idth  and beam 
e f f ic iency  at v =  115 G hz  are, 0(HPBW) = 15(±1) arcsec, and , r)ß = 0.36, 
respectively; a com parison w ith  similar m easurem ents  m ade at o ther  im portan t  
frequenc ies  is given in Table[4.3.1], T he  observations are in ternally  consis ten t to 
±5% and the absolute ca libra tion  un ce r ta in ty  is ±30%.
4.3.(c) T H E  CO J = l - 0  L IN E  PR O FIL E S
U sing the N obeyam a R ad io  O bserva to ry  4 5 -m  m il l im e te r -w av e  telescope, the 
spatia l and velocity  d is tr ibu tion  o f  1 2CO J = l - 0  (he rea f te r ,  CO) emission has 
been  m ap p ed  at the h ig h es t-an g u la r  resolution cu rren t ly  available  w ith  a single 
d ish  (15 arcsec) over an area  on the  sky, 6  a rcm in  (E-W ) by 4 a rcm in  (N -S), 
c en tred  on the DR21 m olecular  cloud core. T h e  m ap orig in  was s trategically  
chosen to lie exactly  m idw ay  be tw een  the  peaks o f  H 2 line emission in the  east 
and  west lobes o f  the DR21 ou tflow  source. T h e  coordinates of  the CO map 
orig in  are
RA(1950) DEC(1950)
CO MAP (0,0) POSITION : 20h 37m 14.8s +42° 08’ 56"
A high s ig n a l- to -no ise  CO J = l - 0  p ro f i le  m easu red  at the above map 
posit ion , w here  the line pro f ile  was fo u n d  to be bo th  b r igh tes t  and broadest,  is
64
TABLE 4.3.1
MEASURED BEAM WIDTHS AND EFFICIENCIES OF THE NOBEYAMA 45-M TELESCOPE
FREQ Tb(JUPITER) O'
GHz K arcsec %
115 183 15 36
98 181 20 44
49 163 36 51
OBSERVED MILLIMETER LINES
10LECULE TRANSITION FREQ (GHz)
12C0 J=l—0 115.271204








show n in F ig .[4 .3 .1 ]. T h e  h ig h -ve loc ity  wings are clearly  ev iden t  and  ex tend  to 
beyond + / -  30 k m s - 1  f ro m  the DR21 rest velocity , taken  to be at V[sr = -2.5 
k m s- 1. T he  p ro f i le  appears  ra th e r  sym m etric  w ith  sm ooth  sides, a fla t  top , and 
a w eak  se lf - rev e rsa l  a t V jsr = -3  k m s- 1 . C o n tra ry  to prev ious low -an g u la r  
resolution studies (F ischer  et al. 1985; R icha rdson  et al. 1986), it is contended
here  tha t se lf -ab so rp t io n  in the  CO J = l - 0  line by low er-ex c i ta t io n  fo reg ro u n d  
gas is p robab ly  im p o r tan t ,  at least over the cen tra l  few  k m s - 1  a round  the line 
core.
R epresen ta t ive  CO and 1 3CO J= 1 -0 spectra  taken at several positions along 
the  H 2 em iss ion-l ine  lobes are shown in F ig .[4.3.2] and the com plete  set o f  CO
profiles  m easured  along the  m a jo r  ou tf low  axis (NE-SW ) are shown in
Fig.[4.3.3], T he  CO profiles  associated w ith  the w estern  (n e g a t iv e -R A )  and 
eastern  (p o s i t iv e -R A ) offsets  in  F ig .[4.3.2] are located at the peaks o f  the 
h ig h -v e lo c i ty  b lue an d  red  in tegra ted  CO emission (to be described  in  the  next 
section), respectively . A ltho u g h  the CO profiles  are, on the whole , ra ther  
sym m etr ic ,  there  is conv inc ing  ev idence fo r  the p resence  o f  asym m etries  in the 
w ings of  several o f  these pro f iles ,  the sense of  w h ich  agree  w ith  the  velocity  
shifts  found  f ro m  the H 2 line profiles a t roughly  the  same positions in the 
ou tf low  lobes (i.e. the w est lobe is b lu e -sh i f te d ,  whils t  the  east lobe is p r im arily  
r e d -sh if ted ) .
T he  h ig h -v e lo c i ty  wings tha t are so p ro m in en t  in  the CO spectra , are 
ex trem ely  w eak  in 1 3CO and  totally absent in  C 180  em ission, w hich , requ ir ing  
h igh volum e densities fo r  excita tion  ( n ( H 2) > 10 4 c m - 3 ) shows a steep decline 
in brightness w ith  small angu lar  d isp lacem ent f rom  the  DR21 cloud core. The 
sharp  emission fea tu re  cen tred  at V lsr = 8  k m s - 1  originates f ro m  fo reg ro u n d  










































































































































































































































































































































































a rcm in  to the  no r th  o f  DR21 and ex tends over the en tire  area mapped. 
F o r tu n a te ly ,  this ex traneous  emission com p o n en en t  is ra th e r  na rrow  in velocity 
w id th  and  u n ifo rm  in brigh tness  and consequently  does not p e r tu rb  the in trinsic  
emission o u tw ith  the  velocity  range 6 - 1 2  k m s- 1 ; data  w ith in  this range could 
not be used. In  con tras t  to the r e d - sh i f te d  CO em ission, the b lu e -sh if ted  
emission su ffe rs  no visible co n tam ina tion  over the  en tire  area m apped . The 
excellen t s ig n a l- to -n o ise  p resen ted  by these spec tra  is rep resen ta t ive  o f  the 
en tire  da ta  set w h ich  is com posed  of over 300 separa te  spectra , spaced on a 15 
arcsec grid.
4.3.(d) T H E  A P P E A R A N C E  O F  T H E  CO J = l - 0  M APS
A con tou r  m ap  o f  the to ta l in tegra ted  1 2CO J = l - 0  line a n ten n a  tem pera tu re ,  
spann ing  the ve locity  range , -30  to 30 k m s- 1 , is shown in F ig .[4.3.4], The 
com plex  s t ru c tu re  d isplayed in this m ap im m edia te ly  suggests tha t  the DR21 CO 
cloud does n o t  take on a sim ple geom etry  bu t ,  ra th e r ,  shows ex trem e evidence 
fo r  edge b r ig h ten in g  and  a p re fe ren t ia l  e longation , b o th  N -S  and E-W . A n 
in te rp re ta t io n  of  this m ap , w h ich  presen ts  a convo lu tion  of  m any  d i f fe re n t  
velocity  s truc tu res ,  is best a t tem p ted  by segm enting  the in teg ra ted  emission into 
in d iv idua l  2 k m s - 1  ve locity  in tervals  and then  com paring  the  results. In this 
m an n e r ,  Figs.[4.3.5a] & [4.3.5b] rep resen t  a mosaic  o f  ve lo c i ty -ch an n e l  maps in 
the h ig h -v e lo c i ty  b lue  and  red  wings o f  the CO profile ;  fo r  the re d -sh i f te d  
velocities, da ta  w ith in  the  velocity  range, 6 - 1 0  k m s- 1 , are no t d isplayed due to 
l in e -o f - s ig h t  co n tam ina tion  by emission associated w ith  the n e ighbouring  W75N 
m olecu la r  c loud. A lthough  the  spatial d is tr ibu tion  of  CO line emission with 
velocity  is ex trem ely  s t ru c tu red ,  some notable  fea tu res  ap p ea r  in these maps 
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FIGURE 4.3.5a : Blue-shifted velocity channel maps of integrated
12C0 J=l-0 antenna temperature toward the DR21 outflow. The maps 
are integrated over 2km/s intervals. The lowest intensity contour 
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FIGURE 4 . 3 . 5 b  : R e a - s h i f t e d  v e l o c i t y - c h a n n e l  maps o f  i n t e g r a t e d
12C0 J = l —0 a n t e n n a  t e m p e r a t u r e  t o w a r d  t h e  DR21 o u t f l o w .  The maps 
a x e  i n t e g r a t e d  o v e r  2 km /s  i n t e r n a l s .  The l o w e s t  i n t e n s i t y  c o n t o u r  
i s  2 K -k m /s  an d  t h e  c o n t o u r  s p a c i n g  i s  1 K -k m /s  f o r  t h e  h i g h e s t -  



















(1) In general,  the bulk of  the emission at low -ve loc ity  sh if ts  from  the line 
core (V jsr = -2 .5  k m s- 1 ), is both  sign if ican tly  b r igh te r  and m ore  cen tra lly
co n cen tra ted  than  the emission associated w ith  the h ig h -v e lo c i ty  wings.
(2) In the lo w er-ve loc ity  channels , particu la rily  over the velocity  in tervals  (-10 
to - 6  k m s - 1 ) and (0 to 4 k m s- 1 ), there  is clear ind ica tion  o f  a shell- l ike
em ission fea tu re  lying 80 arcsec to the east and ex tend ing  round  to the  north  
and  south  o f  the DR21 CO outf low  centre . In ternal to the shell, there  lies a
cav ity  o f  dep le ted  CO emission, ju x tapos it ion  w ith  the  DR21 rad io  c o n t in u u m  
source. As will be discussed m ore fu lly  in  later sections, it  is be lieved  tha t  this 
sh e l l /c av i ty  s truc tu re  is dynam ically  re la ted  to the expansion o f  the DR21 HII 
reg ion , w h ich  need  no t necessarily  belong to the DR21 m olecu la r  ou tf low
ph enom enon .
(3) A t  h igh  b lu e - sh i f te d  velocities, th ree  b r ig h t  emission c lum ps are h igh ligh ted . 
T h e  b r ig h te s t  peak  is spatia lly  unreso lved  by  the 15 arcsec beam  and  is
p ro b a b ly  associated w ith  the cen tra l  h ig h -v e lo c i ty  ou tf low  source. Positioned 1
a rcm in  to the  west o f  the ou tf low  cen tre ,  there  lies a second peak  o f  ex tended  
em ission w h ich  fo rm s the  b lu e - sh i f te d  ou tf low  lobe. Both the o r ien ta t ion  o f  the 
m a jo r  axis (NE-SW ) and the  l inear ex ten t  (> 100 arcsec) o f  the  b lu e - s h i f te d  CO 
ou tf lo w  are sim ilar to those d e f ined  by  the shocked  H 2 em iss ion - l ine  maps 
p resen ted  in Sec.[4.2], The  th ird  peak  o f  h igh b lu e - sh i f te d  CO em ission is 
located  30 arcsec to the SE of the ou tf low  centre , in a d irec t ion  pe rp en d icu la r  
to th e  m a jo r  ou tf low  axis. This th ird  peak  is most likely associated w ith  a
second h ig h -v e lo c i ty  f low  w hich  is dynam ically  in d e p e n d e n t  o f  the  m ain  N E-SW
outflow .
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(4) A t h igh  re d - s h i f te d  velocities, the emission m orpho logy  is again com posed of 
th ree  m a jo r  condensations. H ow ever,  the overall emission d is tr ibu tion  is 
s ign if ican tly  m ore  confused  than  at b lu e -sh if ted  velocities. Indeed , the con tinu ity  
be tw een  a d ja c e n t  ve loc ity -channel  maps is almost nonexis ten t,  thus indica ting  
tha t the  re d - s h i f te d  emission is not only spatially bu t  is also k inem atically  
c lum ped . As is ind ica ted  by the high s ig n a l- to -n o ise  CO prof ile  m easured  at the 
cen tra l  m ap  position  (F ig .[4.3.3]), the central ou tf low  source form s a b r igh t  and 
co m p ac t  peak  o f  emission tha t  is clearly  visible over the velocity  range ( 0  to 1 0  
km s- 1 ). In the  ad jacen t  velocity  in tervals  (10 to 14 k m s- 1 ), the central peak 
w eakens and  a second peak  located app rox im ate ly  1 a rcm in  to the NW of the 
m ap  o r ig in  appears . This peak  is located w ith in  an  ex tended  ridge o f  emission 
w h ich  runs along a SE-N W  axis, o r ig inating  at the m ap cen tre  and ex tending  
n o r th w ard s  to beyond  the n o r th e rn  b o u n d a ry  of  the m ap. T he  th ird  peak of  
h igh  re d - s h i f t e d  emission is isolated to the velocity  range ( 1 2  to 16 k m s - 1 ) and 
appears  as a w e l l -d e f in ed  c lum p located app rox im ate ly  100 arcsec to the  N E  of 
the  ou tf low  cen tre ,  d iam etrica lly  opposite  to the  h ig h -v e lo c i ty  blue lobe. Some 
fa in t ,  ex tended  re d -s h i f te d  emission is also p resen t  to the SW and is p robab ly
k inem atica l ly  associated w ith  the  b lu e - sh i f te d  o u tf low  gas a t this position.
T h e  ve lo c i ty -ch an n e l  maps are  m ost e f fec t iv e  w hen  used as a tool for
inves tiga ting  the detailed s t ru c tu re  o f  the velocity  fie ld  at h ig h -sp ec tra l  
resolution. A disadvantage  in h e ren t  to this m e thod , how ever ,  is tha t ,  due  to the 
n a r ro w  spectra l  coverage, the s ig n a l- to -n o ise  ratio w ith in  each ve loc ity -channe l  
m ap is no t o f  su ff ic ien t  quality  to p roperly  d isplay low su rface -b r ig h tn ess  
emission fea tu res .  In o rder to s tudy  the spatial d is tr ibu tion  of  the  fa in te r
em ission com ponen ts  of  the DR21 ou tf low  system and  also to help sm ooth  out 
some o f  the o ther  sources o f  noise tha t  are in h e ren t  to the presen t da ta  set, it 
was th e re fo re  necessary to increase the  velocity  b in  size and rep lo t  the
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v e lo c i ty -ch an n e l  maps using only five velocity intervals  across the line profile . 
R e la t ive  to the DR21 systemic velocity  (Vjsr = -2 .5 k m s- 1 ), these velocity 
in tervals  are  d e f in e d  as follows :
LOW - V i s r  = - 5 t o  0 kms"
INTERMEDIATE-BLUE -5  t o  - 1 2  k m s '
INTERMEDIATE-RED 0  t o  6  k m s '
HIGH-BLUE - 1 2  t o  - 3 0  k m s '
HIGH-RED 10 t o  30 k m s '
T h e  r e d - s h i f te d  velocity  in terval ( 6  to 10 km s- 1 ) was not used due  to 
con tam in a t io n  by emission at Vjsr = 8 k m s - 1  f rom  the nearby  W75N molecular 
cloud. Also, the  L O W -veloc ity  in terval is d o m ina ted  by emission f rom  the 
qu iescent DR21 m olecular  c loud and  no in fo rm a tio n  can be derived  regard ing  
the o u tf low  gas f ro m  this com ponen t.  In  F ig .[4.3.6], con tour  maps o f  the four  
rem ain ing  IN T E R M E D IA T E  and  H IG H -v e lo c i ty  com ponen ts  are  presented . These 
m aps show the same general m orphologica l and spectral fea tu res  as were  derived  
f ro m  the  h ig h e r -sp ec tra l  resolu tion  images, only the s ig n a l- to -n o ise  is 
considerab ly  im p ro v ed  and  is now  of su ff ic ien t  quality  to p e rm it  
in te rco m p ar iso n  o f  the CO emission in  the red  and b lu e -sh if te d  velocity  
intervals . A cco rd ing ly ,  Fig.[4.3.7] shows a superposit ion  o f  the H I G H - R E D  and 
H I G H - B L U E  CO emission com ponents.
As a resu lt  o f  the  h ig h -a n g u la r  resolu tion  em ployed  in  m ak ing  these CO 
observations,  the  re la tive spatial d is tr ibu tion  o f  H I G H - R E D  and H IG H -B L U E  
CO em ission is s ign if ican tly  m ore  s t ruc tu red  and  com plex than is norm ally  
observed  using sm alle r -d iam eter  m il l im eter  telescopes. N onetheless, the 
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FIGURE A.3.6 : Contour maps of the integrated intensity of the high-
velocity and intermediate-velocity redshifted and blueshifted CO J=l-0 
emission in DR21. For the high-velocity maps, the lowest contour is 
5 K-km/s, and the contours are spaced by 1.5 K-km/s. For the intermediate- 
velocity maps,the lowest contour is 15 K-km/s and the contour spacing is 






FIGURE A . 3 . 7  : A s u p e r p o s i t i o n  o f  t h e  h i g h - v e l o c i t y  b l u e  and
r e d - s h i f t e d  i n t e g r a t e d  i n t e n s i t y  c o n t o u r s  a s  shown i n  F i g . [ 4 . 3 . 6 ] .  
The t r a n s p a r e n t  o v e r l a y  show s t h e  o r i e n t a t i o n  o f  t h e  t h r e e  









FIGURE 4 . 3 . 7  : A s u p e r p o s i t i o n  o f  t h e  h i g h - v e l o c i t y  b l u e  an d
r e d - s h i f t e d  i n t e g r a t e d  i n t e n s i t y  c o n t o u r s  a s  shown i n  F i g . [ 4 . 3 . 6 ] .  
The t r a n s p a r e n t  o v e r l a y  show s t h e  o r i e n t a t i o n  o f  t h e  t h r e e  








br in g  to notice  the  presence o f  three spatially d is tinc t b ipo la r  flows that 
a p p a ren t ly  em ana te  f rom  a com m on origin w hich  m ay be id en tif ied  w ith  the 
cen tra l  d r iv ing  source o f  the DR21 outflows; the re la tive o r ien ta t ions  o f  these 
th ree  b ipo la r  flows are clearly ind ica ted  by arrow s in F ig .[4.3.7], T he  first 
b ipo la r  f low  is the largest in scale (> 2 0 0  arcsec), has a m a jo r  axis runn ing  
N E -SW , is com posed  o f  the brightest  blue and r e d -sh i f te d  ou tf low  lobes, and 
exh ib its  the  best spatial correlation  with the v ib ra t iona l  H 2 emission; the red 
lobe lies to the N E  and the blue lobe to the SW of the p roposed  outf low  
centre . T he  second b ipolar flow , is o f  in te rm ed ia te  size (~ 100 arcsec) and has 
an axis o r ien ted  N W -SE w hich  is pe rp en d icu la r  to the m a jo r  axis o f  the 
p r im a ry  b ipolar  flow; this time, the red lobe lies to the NW and the blue lobe 
to the  SE o f  the ou tf low  centre . The th ird  b ipo la r  f low  is the  m ost com pact  (~ 
20 arcsec) and , considering  the po in ting  errors  (~ 7 arcsec), is only a tentative 
id en tif ica t ion .  T he  m a jo r  axis of  this com pact f low  is a ligned alm ost parallel to 
the  N E-SW  m a jo r  axis o f  the largest-sca le  b ipo lar  flow , how ever ,  the  sense of 
the  b ipo la r i ty  is apparen tly  transposed, w ith  the red  lobe located to the SW and 
the b lue lobe to the N E  of the outf low  centre.
A best es tim ate fo r  the  position of  the  cen tra l  d riv ing  source  w hich  powers
the observed  outflows is der ived  th rough  association w ith  the  com m on p o in t  of 
in te rsec tion  o f  the  m a jo r  axes characteriz ing  the  th ree  b ipo la r  flows. This
posit ion  is m ark ed  by a small cross in  F ig .[4.3.7] and  has the  fo llowing
coordinates:
R A (1950)  D E C (1950)
DR21 CO OUTFLOW CENTRE : 20h 37™ 1 4 . 0 s  + 4 2 °  0 8 ’ 58"
T he  above p roposed  position of  the cen tra l  CO ou tf low  source  lies w ith in
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one beam  spacing o f  the map origin (offset: 0 ,0 ), w h ich ,  in itself, is a
rem ark ab le  o ccu rrence  considering  that the CO m ap orig in  was chosen w ith  sole 
re fe ren ce  to the in f ra red  H 2 observations. T he  accu racy  w ith  w hich  the position 
of  the ou tf lo w  cen tre  was p red ic ted  almost ce rta in ly  testifies to the existence of 
a com m on dynam ica l  origin fo r  both the h ig h -v e lo c i ty  CO and shock -exc ited  
H 2 em ission, tha t  is, both the m il l im e te r-w ave  and in fra red  emission com ponents 
are  p re su m ab ly  excited  by the same ou tf low  phenom enon .
T h e  she ll- l ike  c lum p o f H IG H -R E D  CO emission located  at the ou te r  edge 
o f  the  so u th -w e s te rn ,  b lu e -sh if ted  ou tf low  lobe is d i f f ic u l t  to explain  in the 
con tex t  o f  a f ree ly -p ro p ag a t in g  linear ou tf lo w  m odel. With outw ards 
d isp lacem ent f ro m  the ou tf low  centre , along the SW d irec t ion ,  the f low  first 
appears  r e d - s h i f te d ,  then  becomes b lu e -sh i f te d ,  and  f ina lly  tu rns  red -sh if ted  
once again. Obviously , the  detailed  k inem atics  o f  the  ou tf lo w  gas is more 
com plex  th a n  ju s t  l inear f low  along this lobe. Indeed ,  the o u tf low  appears  to 
wiggle back  and  fo r th  in rad ia l  velocity, som ew hat rem in iscen t  of  the  proposed  
b ehav iou r  o f  some extragalactic  radio  je ts  (see Sec.[6 .6 ]), only on a m uch 
sm aller scale. These peculiar  k inem atic  trends, w h ich  are  also m im iced  in H 2 
v = l - 0  S ( l)  line emission (see F ig .[4.2.6] & Table[4.2.2]), are  p robab ly  best 
rep resen ted  by the  H I G H - B L U E /H I G H - R E D  and
IN T E R M E D I A T E - B L U E /I N T E R M E D IA T E - R E D  m ass-ra t io  versus position  plots 
show n in Fig.[4.3.10a] & [4.3.10b].
To aid  in  the  in te rp re ta t ion  o f  the k inem atic  details w ith in  the  ou tf low  
lobes, a posit ion -ve loc ity  (PV) plot o f  the CO emission at all observed  positions 
along the  m a jo r  (NE-SW ) ou tf low  axis is p resen ted  in Fig.[4.3.8], T h e  central 
h ig h -v e lo c i ty  ou tf low  source is clearly ev iden t  in this d iag ram , as are the red 
and  blue ou tf low  lobes. Especially  p ro m in en t  is the c lu m p y  na tu re  of  the
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1 > R  a i  :  C O  I T  =  1 - 0
L S R  v el oci t y  (km s"1)
FIGURE A .3 . 8  : V e l o c i t y - p o s i t i o n  d i a g r a m  f o r  12C0 e m i s s i o n
a l o n g  t h e  m a j o r  a x i s  o f  t h e  h i g h - v e l o c i t y  f l o w  (NE-SW) i n  
DR21. The o u t f l o w  c e n t r e  i s  l o c a t e d  a t  t e l e s c o p e  p o s i t i o n  
'O '  a n d  t h e  h i g h - v e l o c i t y  b l u e  ( w e s t )  l o b e  i s  a t  p o s i t i o n  
' - 5 ' .  The a n g u l a r  r e s o l u t i o n  i s  15 a r c s e c  a n d  t h e  v e l o c i t y  
r e s o l u t i o n  h a s  b e e n  sm o o th e d  t o  0 . 5  k m / s .
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h ig h -v e lo c i ty  r e d - s h i f te d  emission com ponents ,  w hich  are located at the outer  
ex trem ities  o f  both  ou tf low  lobes.
A n estim ate  o f  the w id th  of  the h ig h -v e lo c i ty  ou tf low  lobe is o f  great 
im por tance  fo r  gaining a be tter u n ders tand ing  o f  the ou tf low  collimation 
m echanism . To aid in this respect, F ig .[4.3.9] shows a c ro ss -cu t  in H IG H -B L U E  
CO an ten n a  tem p era tu re  taken perpend icu la r  to the m a jo r  ou tf low  axis at the 
position  o f  peak  emission in the b lue (west) lobe. This plot clearly indicates 
tha t  the  CO ou tf low  lobe is ex trem ely  na rrow  (~ 20 arcsec in w id th )  with a 
s trong  cen tra l  peak  and should thus be te rm ed  a iet ra th e r  than an ou tf low
lo b e . This es tim ate fo r  the d iam eter  o f  the  CO je t  com pares  favourab ly  with
the  h ig h e r -a n g u la r  resolu tion  H 2 observations p resen ted  in Sec.[4.2], w hich  show 
th a t  the H 2 em iss ion-l ine  je t  at this same position  has a d iam ete r  (FW HM ) of 
less th an  20 arcsec. T h e  ratio of  the lengths o f  the  m a jo r  and  m inor  axes for
the DR21 CO ou tf low  is there fo re  greater  th an  10. DR21 is thus one of  the
most h igh ly -co ll im a ted  o f  all the m olecular  o u tf low  sources ye t d iscovered  (Bally 
& L ad a  1981).
4.3.(e)
PH Y SIC A L  P A R A M E T E R S  D E R IV E D  F R O M  T H E  H IG H -V E L O C IT Y  CO
EMISSION
In o rd e r  to investigate  the physics underly ing  the en igm atic  DR21 outflow  
p h enom enon ,  it  is f i rs t  necessary to gain estim ates of  the mass, energy , and 
m om en tu m  o f  the gas in the flow. Estim ates o f  these quantit ies  in tu rn  depend  
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FIGURE 4 . 3 . 9  : The s p a t i a l  d i s t r i b u t i o n  o f  m a ss  i n  h i g h - v e l o c i t y
b l u e s h i f t e d  g a s  a l o n g  a c u t  t a k e n  p e r p e n d i c u l a r  t o  t h e  m a j o r  
o u t f l o w  a x i s  a t  t h e  p e a k  o f  CO e m i s s i o n  i n  t h e  h i g h - v e l o c i t y  
b l u e s h i f t e d  l o b e .  T h i s  p l o t  e f f e c t i v e l y  show s t h e  w i d t h  o f  t h e  
o u t f l o w  l o b e  a t  t h i s  p o s i t i o n  ( s e e  F i g . [ 4 . 3 . 7 ] ) .  The a n g u l a r  
r e s o l u t i o n  i s  15 a r c s e c .
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the em it t in g  gas, quantit ies  w hich  result in de te rm in a t io n  o f  the gas column 
density  as a fu n c t io n  of  velocity.
T h e  total co lum n density  o f  h igh-ve loc ity  m olecular  gas can be calculated 
f ro m  the  in tegral o f  the optical dep th  over the line profile . F o r  a linear , rigid, 
ro ta t ing  m olecule  tha t has the populations o f  all its ro ta tional levels
cha rac te r ized  by a single excita tion  tem pera tu re ,  T x, the total colum n density , 
N , is o b ta in ed  from
N =
3 h [2(Tx+T0/6)] exp[ Jj(Jj+l)T0/2TX ]
7T 3  f i  2 [ T0 ] (J{+1)[ l-exp[-(J{+l)T0/Tx] ]
r ,, d r
(4.3.2)
w h ere ,  T 0  (= h r 10/ k  ~ 5.53) and p. are the  ro ta tional tem p e ra tu re  and
p e rm a n e n t  d ipole  m om en t o f  the m olecule, and J $ is the  ro ta tiona l quan tum  
n u m b e r  o f  the  lower state in  the  observed transition . A re c e n t  calculation  o f
the  CO dipole  m om en t gives p  = 0.1098 debyes (C hackerian  & T ipp in g  1983).
For  the  CO J= 1 -0  the total co lum n density  in CO is th e re fo re  o f  the fo rm
(Tx+0.93)
N = 2 .3 9 X 1 0 1 4
[1-exp(-5.53/Tx )]
t  d v  cm ' 2 ( 4 . 3 . 3 )
w h ere ,  v  is m easured  in  k m s " 1.
T h e  opacity  in CO emission can be deduced  f ro m  observations of  the 
an ten n a  tem p era tu re  in the m ain , T a(CO), and isotope, T a( 1 3 CO), lines. I f  both 
lines are  optically  th in  and i f  the  excita tion  tem p era tu re  o f  the two species is 
the  sam e, th en  the ratio o f  the line intensities w ould  be the same as the ratio 
o f  the ir  respective  abundances. D uring  the past few  years a considerab le  num ber 
o f  observations have been published , f rom  w hich  it  appears  tha t  fo r  most
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ou tf lo w  sources, the h igh -ve loc ity  CO emission is usually  som ew hat optically 
th ick  whils t  the 1 3CO emission is optically th in  (P lam beck  et al. 1983, Snell et 
al. 1984 and  M argulis  & L ada  1985). U n d e r  such  cond it ions ,  the CO optical 
d ep th ,  r , 2, can be ob ta ined  from  the observed a n te n n a  tem p era tu res  as follows
Ta * ( 1 2 CO) 1-exp(-r,2) l-exp(-r12)
R = ---------------  =   =  ( 4 . 3 . 4 ;
Ta * ( 1 3 CO) 1-exp(-r13 ) 1 -exp(-T, 2/ 8 9 )
w here  it is assum ed tha t  p  3 C O /C O ] = 7 1 3 / t 1 2  = 1/89.
C onsidering  the generally  accepted conclusion th a t  the h ig h -v e lo c i ty  CO 
em ission is optically  th ick , and therefo re  p resum ab ly  also therm alized , it is 
som ew hat a larm ing  tha t  the observed an tenna tem pera tu res  in  the fa r -w in g s  of 
the  CO line are alm ost always less than  1/10 of th a t  observed  in  the line core. 
This implies tha t  e i the r  the J = 0,1 levels are no t  the rm alized  or the  lines are 
em itted  in c lum py  gas tha t does not un ifo rm ly  fill the  beam. Indeed , there  
exists s trong observational ev idence w hich  corrobora tes  the  no tion  tha t  the 
h ig h -v e lo c i ty  gas in  m olecular  outflows is spatially  c lum ped. R ich a rd so n  et al. 
(1986) have u n d e r tak en  a m u lt i - l in e  analysis o f  the  DR21 ou tf low  at low spatial 
resolution. T hey  conclude th a t  a s ing le -phase  rad ia t iv e  t ran s fe r  m odel is 
in adequa te  and suggest th a t  a 2 -co m p o n en t  m odel (i.e. N o rm a n  & Silk 1980), 
consisting o f  dense ( 1 0 s cm - 3 ) clumps im m ersed  in  a less dense ( 1 0 3 c m * 3) 
in te rc lum p  gas o f  h igher  tem p era tu re ,  m ay p resen t  a superio r  f i t  to the ir  data. 
Similar conclusions have been  d raw n from  H C N  and  H C O + isotope and 
m u lt i - t ra n s i t io n  analyses o f  the Orion and NGC2071 h ig h -v e lo c i ty  outflows 
(White, A very  & R ichardson  1984; Wootten et al. 1984).
In view of the overw helm ing  evidence  in fav o u r  o f  h igh density  m olecular 
condensations w ith in  a var ie ty  of  d i f fe re n t  h ig h -v e lo c i ty  ou tf low  sources, it  will
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be assum ed, h en ce fo r th ,  tha t  the CO lines are therm alized  and  that the analysis 
is best ca rr ied  out in term s of the area b eam -f i l l in g  fac to r ,  /  (cf. F ischer et al. 
1985), w here ,  by  def in i t ion
/  =
T a (C O )/ t]B
[5.53/[exp(5.53/Tx)-1]-0.93] [ l-exp(-r) ]
(4.3.5)
In tro d u c t io n  o f  the filling fac to r  into eqn.(4.3.4) results in the  reduc tion  of  the 
m ean  source co lum n density  by a fac to r  / .  In the lim it T x )> 2.75, the  cosmic 
b ack g ro u n d  te rm  can be neglected , and the m ean  co lum n density  o f  CO gas 
averaged  over the beam can be expressed simply as follows
N(CO) = 4.30x10
(T + 0 . 9 3 )  x_______
e x p ( - 5 . 5 3 / T x )
T dv
( 4 . 3 . 6 )
7)b [ l - e x p ( - r ) ]
F o r  the specif ic  case o f  optically  th in  emission, r / [  1 - e x p ( - r )  ] «  1. F ro m  the 
beam  averaged  co lum n density , the total mass o f  gas in the beam  is then
M,gas = N(C0) [H2/CO] Mg m(H2) * 02/4 D 5 (4.3.7)
w here ,  Mg = 1-36, is the  m ean  a tom ic w eigh t o f  the gas, 8, is the angular 
d iam e te r  o f  a u n ifo rm  disc source (FWHP) and [ H 2/C O ] = 10 4. F u r th e r ,  taking 
a m ean  optical dep th , 7 , fo r  each velocity  in terval in the line p rofile ,  
eqn.(4.3.7) then  becomes
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M = 1 .6 5 X 1 0 '  gas exp(-5.53/T ) [l-exp(-r)] arcsec
kpc
d v  M
'B
(4.3.8)
T h e  mass, m o m e n tu m  and energy in the f low  is then  calculated using the 
fo llow ing  rela tionships
MOMENTUM = P = M(Av,r),mod[ ̂ ] (4.3.9a)
ENERGY = E = 1/2 M(Av,7).v2 (4.3.9b)
w here ,  M (A v ,r)  is the  total mass of gas, as d e f in ed  by  eqn.(4.3.8), w ith in  a 
spec if ic  ve loc ity  in teval,  Av = v 1 to v 2, w ith  a co rresponding  m ean  optical
d e p th  in  tha t  ve locity  range  of, 7 , and a rep resen ta t ive  m ean  velocity  o f  y = 
( v ^ v ^ / l .  It  is p re fe rab le  to take m ean  values o f  M , v and  t over re la tively  
w ide  velocity  b ins ra th e r  than  to calculate respective  values at each 
ve lo c i ty - reso lu t io n  e lem ent over the profile , as the la ter  app roach  can add 
s ign if ican t  noise to the end results which  is e ffec tive ly  sm oothed  out in the
averag ing  process in h e re n t  to the f irs t  m ethod. It is also w orth  noting  tha t  in
the  R ay le ig h -Jean s  l im it,  w here  k T x > h r ,  the  co lum n density ,  mass, m om en tu m  
and  energy  are d irec tly  p roportiona l to T x , so the results can  be readily
rescaled  to a d i f fe re n t  T x , i f  necessary.
F o r  the pu rpose  of  analysing the k inem atics and  energetics o f  the  ou tf low  gas, 
the  observed  line profiles are segm ented into f ive  d is tinc t velocity  intervals,
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evenly  spaced rela tive to the LSR velocity o f  peak CO line emission. The 
velocity  limits chosen to def ine  the LOW, IN T E R M E D IA T E  and H IG H  velocity 
in tervals  are  as de f ined  previously (Sec.[4.3.d]). In Table[4.3.2], characteris tic  
values fo r  the  m ean  optical dep th , as calculated using eqn.(4.3.4), are given for  
each velocity  in terval.  Due to the masking of  the h ig h -v e lo c i ty  emission at low 
p ro je c te d  velocities  by the qu iescent emission of  the am b ien t  m olecular  cloud, 
accu ra te  a n te n n a  tem pera tu res  fo r  the L O W -veloc ity  co m ponen t are impossib le  to 
d e r ive  d irec tly .  A n  a t tem pted  to def ine  the an tenna  tem p era tu re  charac ter is t ic  to 
the  L O W -ve loc ity  com ponen t has, how ever,  been m ade by assum ing a constant 
a n te n n a  te m p e ra tu re  equal to the average of  the an tenna  tem p era tu res  derived
fo r  the inn e rm o st  velocity channels of  the IN T E R M E D IA T E -R E D  and 
I N T E R M E D I A T E - B L U E  com ponents. A lower l im it to the  optical d e p th  at low 
velocity  d isp lacem ents  from  the line core was s im ilarily  estim ated  by assum ing  it
to be id en tica l  to the average o f  the  optical dep ths  in the  ad jacen t
IN T E R M E D IA T E -v e lo c i ty  components.
A pa ram e te r  im portan t  fo r  calculating the l in e -o f - s ig h t  colum n density ,  as 
expressed  by  eqn.(4.3.6), is the excita tion  tem p era tu re ,  T x , o f  the gas under  
s tudy. Since th e  excita tion  tem p era tu re  un ique ly  de te rm ines the level populations 
o f  a m olecu le ,  know ledge of  the  relative in tensities  of  a t  least two transitions 
are  essentia l fo r  unam biguous  de te rm ina tion  o f  this quan t i ty  (see the  L V G  
analysis o f  the CS molecule, as discussed in Sec.[4.4.e]). U n fo r tu n a te ly ,  fo r  the
presen t  s tudy , line in tensity  m easurem ents  were m ade fo r  the  CO J = l - 0  
t rans it ion  only , there fo re  an accurate  de te rm in a t io n  o f  T x is no t possible. As a 
second best a lte rna tive ,  how ever, the f ind ing  tha t the  CO line emission in DR21 
is op tica lly  th ick , and hence therm alized , can be used to de f in e  an ap p rop r ia te  
value fo r  T x equal to the peak brightness tem p era tu re  observed  in the  core 
c o m p o n en t  o f  the central CO line p rofile ,  tha t is T x — 40 K . O bservations of
TABLE 4.3.2
CO OPTICAL DEPTHS AND BEAM-AVERAGED COLUMN DENSITIES
R ( 1 2 / 1 3 ) ( = ^ T a ( C 0 ) d v / [ l a ( 1 3 C 0 ) d v )
VELOCITY RANGE
POSITION HIGH INTERMEDIATE LOW
OUTFLOW 25 
CENTRE
1 0  1 . 6
BLUE 30 
LOBE
13 3 . 0
D e r i v e d  a v e r a g e  o p t i c a l d e p t h  :
X  ( h i g h )  = 3
X  ( i n t e r m e d i a t e )  = 8
X  ( lo w )  = 8
~ £ ( q u i e s c e n t )  > 50
N(H2) cm -2
VELOCITY RANGE
POSITION HIGH INTERMEDATE LOW TOTAL
OUTFLOW 1 . 7 ( 2 1 ) -  
CENTRE 5 . 3 ( 2 1 )
6 . 3 ( 2 1 ) -  2 . 4 ( 2 1 ) -  
4 . 5 ( 2 2 )  1 . 9 ( 2 2 )
1 . 0 ( 2 2 ) -
6 . 9 ( 2 2 )
BLUE 1 . 6 ( 2 1 ) -  
LOBE 4 . 8 ( 2 1 )
3 . 9 ( 2 1 ) -  2 . 1 ( 2 1 ) -  
3 . 0 ( 2 2 )  1 . 7 ( 2 2 )
7 . 6 ( 2 1 ) -
5 . 2 ( 2 2 )
C a l c u l a t e d  f o r  : Tx(CO) -  40  K
[ CO]/ [H2] = l ( - 4 )
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the  CO J = 2 - l  t ransit ion  in the DR21 flow  are p lanned  w ith in  the next few 
m on ths  and  should  help considerably  to un iquely  d e te rm in e  the  tru e  value of  T x 
over the en tire  ex ten t o f  the DR21 cloud core.
H av ing  b r ie f ly  outlined  the m ethod  used to calculate the co lum n densities  of 
the h ig h -v e lo c i ty  gas par tic ipa ting  in the DR21 ou tf low , it is now possible to
d e r ive  values fo r  the beam -av erag ed  colum n density  o f  H 2 gas in the H IG H - ,  
I N T E R M E D IA T E - ,  and LO W -velocity  com ponents  of  the CO profile ;  this has 
been  done fo r  localized regions around  the ou tf low  cen tre  and the position  of 
p eak  h ig h -v e lo c i ty  emission in the blue (west) lobe, the results o f  w h ich  are 
p resen ted  in Table[4.3.2], T he  lower lim it assumes optically  th in  emission and 
the u p p e r  lim it encorpora tes  the  velocity  d ep en d en t  optical , dep th ,  also g iven in 
Table[4.3.2]. On average, the  total co lum n density  in h ig h -v e lo c i ty  gas lies 
b e tw een  5 x 1 0 21  and 5 x 1 0 2 2 c m - 2 at these peak  positions and  is expec ted  to be 
up  to an o rd e r  o f  m agn itude  lower in the ex tended  ou tf low  emission. T he  ratio 
o f  co lum n density ,  and hence  the  mass o f  gas, in  the  H IG H -v e lo c i ty
com ponen ts  re la tive to the total line colum n density  is be tw een  1 0 % and 2 0 %, 
fo r  optically  th in  and th ick  conditions, respectively; the  correspond ing  ratio for
the L O W -veloc ity  com ponen t is a round  40% to 50%.
Defining the average antenna temperaure as, T a* = jTa*dv/Jdv, it is found 
that typically, Ta*(HIGH)/Ta*(LOW) < 0.1, and Ta*(INTER)/Ta*(LC)\V) =
0 .5 -0 .8. As the CO line is optically thick, even in the HIGH-velocity wings, the 
observed variation in antenna temperature over the CO profile is effectively 
generated by a corresponding variation in the beam-filling factor, which must 
decrease with increasing velocity offset from the line core. This trend, in turn, 
necessitates that the high-velocity gas be significantly more clumped than the 
low-velocity gas. The important issue concerning clumping of the outflow gas is
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discussed m ore th rough ly  in Sec.[5.4],
U sing  the above def ined  rela tionship  betw een  in tegra ted  an ten n a  tem pera tu re  
and  beam -av e rag ed  colum n density , the spatial d is tr ibu tion  o f  ou tf lo w  mass in 
the H IG H -  and IN T E R M E D IA T E -v e lo c i ty  com ponents  has been ca lcu la ted  along 
bo th  a N E-SW  and SE-N W  axis, b isecting the  ou tf low  centre . T hese  mass 
d is tr ibu tions  are shown in Figs.[4 .3 .10a] & [4.3.10b], along with the respective 
B L U E /R E D  m ass-ra tio^s , for  both velocity com ponents . T h e  m ass-ra t io  plots 
give one o f  the best representa tions o f  the b ipolar  cha rac te r  o f  the DR21 
m olecu la r  flows. F or  the N E-SW  mass slice, w h ich  runs along the  m a jo r  DR21
ou tf lo w  axis, the b lu e -sh if ted  (to the SW) and the re d - s h i f te d  (to the NE)
o u tf low  lobes are clearly rep resen ted , as is the sudden  red w ard s  sh if t  in the
mass d is tr ib u t io n  at the sou th -w es te rn  ex trem ity  of  the  b lue  lobe. The 
m ass- ra t io  plots fo r  the IN T E R M E D IA T E -v e lo c i ty  com ponen ts  show  a similar 
t ren d  to those exh ib ited  by the H IG H -v e lo c i ty  com ponen ts ,  excep ting  the 
p resence  of  the narrow , b lu e -sh if te d  shell com ponen t located  ~ 80 arcsec to the 
N E  o f  the  ou tf low  centre. As was s ta ted  in  Sec.[4.3.d], i t  is be lieved  th a t  this 
p ro m in e n t  shell fea tu re  does not belong to the  ou tf low  p h en o m en o n  bu t ,  ra ther,  
is dynam ica lly  associated w ith  the expand ing  DR21 H II region. T h e  d is tr ibu tion  
o f  mass along the  SE-N W  axis, also shows rad ica l d if fe ren ces  be tw een  the  red 
and b lu e - sh i f te d  veocity  com ponents. Both the I T I G H -B L U E /H IG H -R E D  and
I N T E R M E D IA T E -B L U E /IN T E R M E D IA T E -R E D  m ass-ra t io  plots, exh ib it  a clear 
b ipo la r  d is tr ibu tion  with b lu e -sh if ted  emission located to the SE and  re d -sh i f te d  
em ission to the  NW of the ou tf low  origin. T he  sense of  these ve locity  shifts 
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FIGURE 4 . 3 . 1 0 a  : The s p a t i a l  d i s t r i b u t i o n  o f  m a s s ,  a s  d e r i v e d
f r o m  CO co lu m n  d e n s i t y ,  a l o n g  t h e  m a jo r  a x i s  o f  t h e  DR21 h i g h -  
v e l o c i t y  o u t f l o w .  The m a ss  i n  t h e  h i g h  an d  i n t e r m e d i a t e ,  b l u e  
a n d  r e d  v e l o c i t y  c o m p o n e n ts  i s  c a l c u l a t e d  a s  w e l l  a s  t h e  r a t i o  
o f  m ass  a t  b l u e  an d  r e d  v e l o c i t i e s  ( l o w e s t  p l o t ) . The o u t f l o w  
c e n t r e  i s  a t  o f f s e t  'O '  ( s o l i d  l i n e ) .  The b i p o l a r  n a t u r e  o f  t h e  
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FIGURE 4 . 3 . 1 0 b  : Same a s  f o r  F i g . [ 4 . 3 . 1 0 a ] , o n l y ,  t h i s  t i m e ,
t h e  m a ss  d i s t r i b u t i o n  i s  c a l c u l a t e d  a l o n g  an  a x i s  p e r p e n d i c u l a r  
t o  t h e  m a j o r  o u t f l o w  a x i s  an d  p a r a l l e l  t o  t h e  o u t f l o w  a x i s  o f  
t h e  s e c o n d ,  s m a l l e r  s c a l e ,  b i p o l a r  o u t f l o w  ( s e e  F i g . [ 4 . 3 . 7 ] ) .
As f o r  t h e  m a j o r  o u t f l o w ,  t h e  SE-NW o r i e n t e d  o u t f l o w  s t u d i e d  
h e r e  show s c l e a r  b i p o l a r i t y  w i t h  r e s p e c t  t o  t h e  c e n t r a l  o u t f l o w  
s o u r c e ,  l o c a t e d  a t  o f f s e t  ’ O’ . I n  c o n j u n c t i o n  w i t h  F i g . [ 4 . 3 . 1 0 a ] , 
t h i s  f i g u r e  p r o v e s  t h e  e x i s t e n c e  o f  a t  l e a s t  two s p a t i a l l y  
i n d e p e n d e n t  b i p o l a r  o u t f l o w s  w i t h i n  t h e  DR21 r e g i o n  t h a t  a p p a r e n t l y  
em m anate  f r o m  a common d r i v i n g  s o u r c e .
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F rom  su m m ation  o f  the der ived  colum n densities at each position observed 
in the m ap the mass, m om en tum  and bulk k inetic  energy  of  ou tf low  gas 
charac ter is t ic  to each velocity  com ponen t has been ca lculated . T he  total mass, 
m o m e n tu m  and  k ine tic  energy  in the ou tf low  was th e n  ob ta ined  by sum m ing
over the H IG H , IN T E R M E D IA T E  and LOW velocity  com ponen ts .  T he  results of
these calculations are  given in Table[4.3.3], along w ith  co rrespond ing  values 
specif ic  to localized regions around  the cen tra l  ou tf low  source and the
h ig h -v e lo c i ty  blue lobe. The lower limits co rrespond to optically  th in  emission 
w ith  no co rrec t ion  fo r  f low orien ta tion , whilst the up p e r  limits are derived 
assum ing the  line emission is optically  th ick  w ith  a v e lo c i ty -d e p e n d en t  optical 
d ep th ,  as g iven  in  Table[4.3.2], and also assum ing a f low  orien ta t ion  rela tive to 
the l in e -o f - s ig h t  o f  60°; this latter correction  has no e f fe c t  on the der ived  mass 
o f  gas bu t  increases the  m o m en tu m  by a fac to r  o f  2  and the k inetic  energy  by 
a fac to r  o f  4. As expec ted , the  outf low  mass is d o m ina ted  by  the  low -ve loc ity  
gas, whils t  the  k ine tic  energy  in  the  outf low  is m ore  evenly  d is tr ibu ted  with
velocity , hav ing  equal con tr ibu tions  f ro m  the I N T E R M E D IA T E -  and 
H IG H -v e lo c i ty  com ponents .  T he  total mass in ou tf low  gas is app rox im ate ly  2000 
M 0, the to tal m o m e n tu m  in  ou tf low  gas is on the o rd e r  o f  4 x l 0 4 2  gem s- 1 , and 
the  to tal k ine tic  energy  in the  ou tf low  is rough ly  3 x 1 0 4  8 erg. T he  cen tra l  and 
w este rn  h ig h -v e lo c i ty  peaks each contain  ~ 1 0 % o f  the  overall mass, m om en tu m  
and  k ine tic  energy  of the ou tf low  gas.
94
TABLE 4.3.3






P h v f  ( g c m s - 1 )
ENERGY 
E h v f  ( e r g )
BLUE LOBE
h i g h 1 . 7  -  5 . 5 7 . 2 ( 3 9 ) -  4 . 5 ( 4 0 ) 7 . 3 ( 4 5 )  - 9 . 3 ( 4 6 )
i n t e r 4 . 3  -  34 5 . 1 ( 3 9 ) -  8 . 1 ( 4 0 ) 1 . 6 ( 4 5 )  - 4 . 9 ( 4 6 )
t o t a l 8 . 3  -  58 1 . 2 ( 4 0 ) -  1 . 3 ( 4 1 ) 8 . 7 ( 4 5 )  - 1 . 5 ( 4 7 )
CENTRE
h i g h 1 . 3  -  4 .1 5 . 3 ( 3 9 ) -  3 . 3 ( 4 0 ) 5 . 3 ( 4 5 )  - 7 . 1 ( 4 6 )
i n t e r 7 . 1  -  57 8 . 5 ( 3 9 ) -  1 . 3 ( 4 1 ) 2 . 5 ( 4 5 )  - 8 . 1 ( 4 6 )
t o t a l 11 -  85 1 . 6 ( 4 0 ) -  1 . 7 ( 4 1 ) 8 . 1 ( 4 5 )  - 1 . 5 ( 4 7 )
TOTAL
h i g h 32 -  100 1 . 3 ( 4 1 ) -  8 . 0 ( 4 1 ) 1 . 3 ( 4 7 )  - 1 . 6 ( 4 8 )
i n t e r 141 -  1127 1 . 7 ( 4 1 ) -  2 . 7 ( 4 2 ) 5 . 1 ( 4 6 )  - 1 . 6 ( 4 8 )
t o t a l 272 -  2023 3 . 3 ( 4 1 ) -  4 . 0 ( 4 2 ) 1 . 9 ( 4 7 )  - 3 . 3 ( 4 8 )
C a l c u l a t e d f o r  : Tx(CO) = 40 
[ CO]/ [H2] =
K
l ( - 4 )
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T H E  P H Y S IC A L  P R O P E R T IE S  OF T H E  Q U IE S C E N T  G A S AS D E R IV E D
F R O M  T H E  C 180  O B SER V A TIO N S
4.3.(f)
C old H 2, a lthough  being  the dom inan t m ateria l  com ponen t o f  m olecular 
clouds in the G alaxy , is exceedingly  d if f icu l t  to observe (viz. Sec.[3.1 ]). 
U n fo r tu n a te ly ,  the  s trong v ibra tional H 2 line emission, as investigated  in this 
w ork ,  is b iased tow ards active regions of  localized shock-exc ita t ion ,  hence , the 
physica l  pa ram e te rs  de r ived  from  the in f ra red  H 2 lines are anom alous with 
respec t  to the  am b ien t  m olecular  cloud m edium  and cannot be used as a 
m easure  o f  the  to ta l H 2 co lum n density. On the o the r  hand , as show n in the 
p receed ing  sections, CO, the  next m ost a b u n d a n t  m olecular  co n s ti tuen t  of 
in te rs te l la r  c louds, is read ily  detec ted  in a w ide range o f  env ironm ents  by means 
o f  its m il l im e te r -w a v e  spec trum . M oreover, detailed studies have show n tha t a 
quan t i ta t iv e  re la t ionsh ip  exists betw een  CO and H 2 co lum n densities in a varie ty  
o f  G alac tic  s truc tu res  (Liszt 1973; D ickm an 1975; D ickm an  1978; E lm egreen  & 
E lm eg reen  1979; P lam beck  & Williams 1979).
As the  em ission  o f  1 2CO is generally s trongly  sa tura ted  at typical m olecular  
cloud  densities  (i.e. n ( H 2) > 1 0 3 c m - 3 ), a de te rm in a t io n  o f  the co lum n density  
o f  the  qu iescen t  gas co m p o n en t  m ust rely  on m easurem ents  o f  the 1 3CO and 
C 1 80  isotopes w h ich ,  due  to the ir  lower abundances ,  are less p ro n e  to 
sa tu ra t ion . T he  cons tan t  o f  p ropo rt iona li ty  re la ting  the abundance  o f  CO to tha t 
o f  H 2 is poo rly  k n o w n  and  con tr ibu tes  a m a jo r  source o f  e r ro r  to this m ethod. 
D ick m an  (1979), L anger  et al. (1980), Wilson, L anger  & G oldsm ith  (1981) and 
F e rk in g ,  L an g e r  & Wilson (1982) have specifically  addressed the p rob lem  of 
d e te rm in in g  q u an ti ta t ive ly  the abundance  of  CO un d e r  d i f fe re n t  in terste llar 
cond it ions  f ro m  observations o f  the 1 3CO and  C 1 80  isotopes. The  hydrogen
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co lum n  densities  em ployed  in these studies were derived  from  visual extinctions 
ob ta ined  using star counts.
Several p rob lem s are inheren t  in the de te rm ina tion  of  CO colum n densities 
f ro m  1 3CO m easurem ents .  The 1 3CO emission m ay be sa tura ted  at m odera te  
d e p th  in to  a c loud (W annier 1980 and L anger et al. 1980) and the relative 
a b u n d a n c e  o f  1 3CO to 1 2CO and C 180  m ay be enhanced  by chem ical
f ra c t io n a t io n  (L anger  1977, L anger et al. 1980 and L anger et al. 1984) and 
isotope selective p h o todes truc tion  (Bally & L anger  1982). In contrast ,  the C 1 aO 
iso top ic  species is not sub jec t  to such processes and thus provides the  least
am biguous  p robe  o f  the l in e -o f - s ig h t  H 2 co lum n density. In this section, 
observa tions  o f  the  C 180  transition  are the re fo re  u se d ,  to derive  the best 
availab le  es tim ate  o f  the  m ean volum e density , mass and l in e -o f - s ig h t  optical 
ex t in c t io n  charac te r is t ic  o f  the DR21 m olecular cloud core.
T h e  L T E  co lum n density  o f  C 180  is ob ta ined  un d e r  the fo llowing two
im p o r ta n t  assum ptions : (i) the molecules along the l in e -o f - s ig h t  possess a
u n i fo rm  exc ita t ion  tem p era tu re ,  w hich  is com m on to all ro ta tional levels of the 
CO m olecule; and  (ii) the J = l - 0  excita tion  tem pera tu re  o f  all the isotopic 
species are equal (and im plic it ly  given by the k inetic  tem p era tu re ,  T^). As was 
show n in Sec.[4.3.e], the CO emission is usually optically th ick  u n d e r  typical 
m o lecu la r  cloud conditions. Consequently , a com m on excita tion tem p era tu re ,  T x , 
can be d e r ived  f ro m  the peak CO rad ia t ion  tem p er tau re  as follows
TJ- 2 = T i 2 [ f 1 2 (Tx ) - f 1 2 (Tb ) ]  ( 4 . 3 . 1 0 )




The ;©®bb>©« excitation temperature is therefore given by
Tx = 5.53 [ fin[l+5.53/(Tf2+0.82)] ]-’ (4.3.11)
F u r th e r  no ting  tha t  the  C 180  emission is optically thin  (to be con firm ed  later), 
th en  the peak  C 180  rad ia t ion  tem p era tu re  is re la ted  to T x and the line centre  
op tica l d ep th ,  T ¿ 8, via
T{-8 = Ti8 [ f, 8 (Tx )-f, 8 (2. 7) ] [ l-exp(-ri8)] (4.3.12)
and thus, using T¿8 = 5.27, r¿8 may be determined
r ^ e = -Cnp-TJ-8/5. 27[ [exp (5 . 27/Tx )-l]'1-0.166]'1] (4.3.13)
Similarily, for 13C0, T¿3 = 5.29, and T¿3 is given by
ri3 = -£n£l-T^3/5.29[[exp(5.29/Tx )-1]’1-0.164]"1] (4.3.14)
Since, t0, is related to the column density, N, by
|  r v dv  ® t 0  AY v / c
8 7T3 f l 2 v N
= --------- - [l-exp(-T0/Tx )] (4.3.15)
3 h c Z
w h ere ,  AV is the  line fu l l -w id th  at h a l f - in te n s i ty  in velocity  un its ,  f i  is the 
p e rm a n e n t  d ipole m o m en t  o f  the molecule (= 0.1098 debye),  and  Z  is the
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p a r t i t io n  fu n c t io n ,  one obtains
3 h AY r 0  Z
N = -------------- -------------------------  ( 4 . 3 . 1 6 )
8 7T3 n 2 [ 1 - e x p ( T 0 /T x ) ]
As was discussed prev iously  in Sec.[4.2.(g)], the ro tational parti t ion  func tion  can 
be e s t im ated  using the rigid l in e a r - ro ta to r  app rox im ation , with T X(J) = T x , 
g iv ing
Z = 2 (Tx / T 0 ) ( 4 . 3 . 1 7 )
Substi tu t ion  o f  this a p p ro x im a tio n  into eqn.(4.3.16), results in the fo llowing LT E  
expressions fo r  the iosotopic  co lum n densities
N,8 = 2 .3 9 X 1 0 1 4 A Y ,8 t ^ b Tx [1- e x p ( - 5 .2 7 /T x ) j'1 c n T 2 ( 4 . 3 . 1 8 )
and
N1 3  = 2 .3 9 X 1 0 1 4  AY1 3  r i 3 Tx  [ 1 - e x p ( - 5 . 2 9 /T x ) ] ’ 1 cm ' 2 ( 4 . 3 . 1 9 )
N ine  C 180  spectra  have been m easured  over a 30 arcsec radius  cen tred  on
the DR21 c loud  core, w h ich  is also the nom inal location o f  the h ig h -v e lo c i ty  
CO o u tf low  source. T h e  m ean  rad ia t ion  tem p era tu re  and fu l l -w id th  at 
h a l f -m a x im u m  o f  these spec tra  are , 8 = 4.0 K  and A V 1 8  = 3 k m s ~ \  
respectively . F u r th e rm o re ,  f ro m  the  peak  CO rad ia tion  tem pera tu res ,  m easured 
f ro m  spec tra  taken  at the  same positions, a charac teris tic  excita tion  tem p era tu re ,  
T x = 40 K ,  is assumed. F o r  these observed line param eters ,  a line centre
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optical d ep th ,  T ¿ e = 0.13, and C 180  column density , N 1 8  = 3 . 1 x l 0 1 6  c m - 2 , 
are der ived . To t ran sfo rm  the  isotope colum n density  to a m ore  in fo rm a tiv e  H 2 
co lum n  density ,  know ledge  o f  the C 1 80  relative abundance  is required . From  
the  num erous  studies c ited  previously , the relative abundanc ies ,  [ 1 2 C O ] / [ H 2] = 
10~4, [ 1 2 C ] / [ 1 3 C] = 89 and  [ 1 6 0 ] / [ 1 8 0 ]  = 490 are adopted . T h e  total H 2 
co lum n  density  is th en  given by
N(H2 ) = 5 x l 0 6 N , e »  1 . 5 x l 0 2 3 cm ’ 2 
T he m ean H 2 n u m b e r  density  over the central 1 a rcm in  (= 1 pc) is then
n ( H 2 ) = 5 x l 0 4 / L  ( c m " 3 / p c )
w h ere ,  L  is the  l in e -o f - s ig h t  d is tance  th ro u g h  the  cloud core in pc. This mean 
n u m b e r  density  agrees fav o u rab ly  w ith  o the r  in d e p e n d e n t  estimates der ived  from  
the 1 -m m  co n t in u u m  em ission f ro m  associated dust grains ( = 5 x 1 0 4 c m - 3 , 
W erner et al. 1975) and  f ro m  the collisional excita tion  of  the 
h ig h -d ip o le -m o m e n t  H C N  m olecule  ( > 104 cm - 3 , M orris  et al. 1974). H aving 
d e te rm in ed  the H 2 co lum n density ,  the  mass of  the DR21 cloud core mass is 
th e n  ca lcu la ted  f ro m
MCOr e  = 5 x l 0 8 N, 8 f i g  m(H2 ) x ( r c ) 2 ( 4 . 3 . 2 0 )
w here ,  m ( H 2) is the  mass o f  the  H 2 m olecule, fig is the m ean  a tom ic w eight of 
the  gas ( f ig  = 1.36) and  r c is the core radius. E xpressed  in astrophysical units, 
M core g iven by
Mcore = 8000 (rc/JP0)2 Mo
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T hus,  tak ing  a core rad ius  of  0 .5-1.0 pc (= 30-60 arcsec), a best es tim ate  for  
the mass o f  the  DR21 cloud core is, M core = 2000-8000 M 0.
To investiga te  the dyanam ical equ ilib rium  o f  the DR21 cloud core (ie. 
w h e th e r  stable or unstable  to gravitational collapse) a com parison  o f  the core 
mass as de r ived  f ro m  the C 1 80  observations w ith  the  virial mass m ay prove 
useful.  T he  k ine tic  energy  (including therm al and tu rb u le n t  m otions)  and the 
grav ita t iona l  potentia l  energy are respectively, (M c o r e )A V 2/2  (w here ,  AV is the 
FW H M  o f  the C 1 80  profile )  and -2 G  (M c o r e ) 2 / r c . E qua ting  the  k inetic  and 
g rav ita t iona l  energies results in  the condition
Mvir * (AY2.rc )/C
= 230 [AY/kms"1 ]2 (rc/pc) M0 (4.3.21)
T ak in g  the  observed  FW H M , AY = 3 k in s '"1, and again assum ing a core radius, 
r c = 0 .5-1 .0  pc, a virial core mass, M v ir = 1100-2100 M 0, is derived.
T h e re fo re ,  w ith in  the  observational and associated e rrors ,  M core > M vjr , and it  
appears  th a t  the  dense cloud core is most p robab ly  grav ita t iona lly  bound. O f 
course , a p ro p e r  analysis should also take  into accoun t the  p resence  o f  in ternal 
m agnetic  p ressure ,  w hich , i f  suitably large, can act as an ad d i t iona l  resistive 
co m p o n en t  against grav ity , thus increasing M vir .
F inally ,  the  C 180  observations can also be used to estim ate  the  l in e -o f - s ig h t  
visual ex tinc tion  th rough  the DR21 cloud core, using the em pir ica lly  de te rm ined  
quan t i ta t iv e  re la tionship  (i.e. D ickm an  1978)
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N(H2) » 1021 (Av/mag) cm'2 ( 4 . 3 . 2 2 )
Inser t ing  the d e r ived  colum n density , N(H 2) = 1.5x10 2 3 c m " 2, results in a 
value fo r  the  visual ex tinc iton  th rough  the cloud core of, A v ~ 150 mag. This 
large ex t inc tion  helps expla in  w hy the central 1 arcm in  o f  the DR21 cloud core 
is totally  opaque  in the visual and n e a r - in f ra re d ,  even out to 2 0  /¿m, and is a 
stong e m it te r  in the m illim eter  continuum .
4.3.(g) H 5 3 a  H Y D R O G E N  R E C O M B IN A T IO N  L IN E  EMISSION
Spectra  o f  the H 5 3 a  recom bina tion  line o f  hydrogen  (42.951687 G H z) were 
m easu red  w ith  a 36 arcsec beam  at 15 arcsec spacing over a 1 a rcm in  radius 
cen tred  on the h ig h -v e lo c i ty  ou tf low  centre. A mosaic o f  these spectra  is 
i l lus tra ted  in F ig .[4 .3 .11]. T h e  cen tro id  of  the recom bina tion  line emission, 
p resum ab ly  also the  cen tre  of  the DR21 com pact HII region, is o ffse t  f rom  the 
CO h ig h -v e lo c i ty  ou tf low  orig in  by ~ 15 arcsec to the east; as the  H 5 3 a  and 
CO lines w ere  m easu red  s im ultaneously ,  this o ffes t  canno t resu lt  f rom  pointing 
errors. T h e  deconvolved  radius  o f  the ionized region is ~ 30 arcsec, in  good 
accord  w ith  the  6  and 2 cm  radio  c o n t in u u m  d is tr ibu tions (Dickel et al. 1985). 
T h e  H 5 3 a  line has an  emission cen tro id  at V jsr = -2.5(±2.0) k m s- 1 , a total 
ve locity  ex ten t ,  AVt(FWZI) > 60 k m s- 1 , and a fu l l -w id th  at h a lf -m a x im u m , 
AV(FWHM) = 42 k m s- 1 . T hese  line w idths are considerab ly  b roader  than 
expec ted  fo r  norm al HII region expansion , in w hich  case, i f  the lines were 
the rm ally  b roadened  at T e = 10 4 K ,  then  A V ^ F W H M )  «  0 .2 1 5 (T g /m p )n/ 2 = 
21.5 k m s- 1 , fo r  a gaussian profile . It thus appears tha t  some add itiona l source 









T * 0 0 <.o
3. 0 
2 . 0 
1 . 0 
0 . 0
w
/ W ' l I X  1 ' ” ? .
t r v —
X
/ ■ y  -  ■■
\ / l  r . ,  1
^  V"" v y V 1-rl
'v jv -w v^r . u —v* V •
rvv'MA,' V W




FIGURE 4.3. 11 : H53,* recombination-line profiles measured
along a N-S and E-W axis centred on the DR21 high-velocity 
CO outflow source (arrow). The relatively strong and broad 
recombination emission comes from the DR21 HII region. The 
spacing between measurements is 15 arcsec and the beam- 
size is 36 arcsec.
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Pressure  b roaden ing  m ay a ffec t  radio recom bination  line profiles fo r  com pact
HU regions tha t  have high e lectron densities. The  ratio o f  total line w id th ,  AVt,
to the  the rm al line w id th ,  A V ^ ,  for  hydrogen  recom bina tion  lines arising from  
ionized  gas w ith  electron density  n e , electron tem p era tu re  T e, and princ ip le  
q u a n tu m  n u m b e r  n is (B rocklehurst  & Seaton 1972; G aray  et al. 1985)
AVt /AYt h  = £ l + [ 0 .  1 7 ( n / 1 0 0 ) 7 - 4 (n e / 1 0 4c n T 3 ) ( 1 0 4K /T e ) ° -  1 ] 2 } 1 / 2
( 4 . 3 . 2 3 )
F o r  n e < 10 5 c m - 3 , T e =» 104 K  and n = 53, A V ^ A V ^  « 1. Pressure
b ro ad en in g  is the re fo re  neglig ib le  at the high frequencies  concerned  in this 
s tudy.
In  the  absence of  p ressure  broaden ing  and n o n -L T E  effec ts ,  the observed
line w id th  o f  a recom bina tion  line, AV0, is com prised  o f  the rm al,  AVt jj, and
in tr in s ic  tu rb u le n t  or m acrosopic  m otions, AVj, and is g iven by
AY0 = [ (AYt h ) 2+ ( A Y i ) 3 ] ' / 3  ( 4 . 3 . 2 4 )
U sing , AA70  = 42 k m s - 1  and A V ^  = 20 k m s - 1  (ie. T e = 8000 -  10000 K ) ,
th e n  the  m acroscopic  m otions accoun t fo r ,  AVj « 35 k m s- 1 , o f  the  observed 
line w id th . This add itiona l m otion  could in  p a r t  be due to the expansion  o f  the
HII reg ion  a ided  by the  ou tw ards  pressure  o f  an  ionized stellar w ind ,  tha t  is
o f te n  fo u n d  to be presen t d u r ing  the  early stages in  the life  o f  an O star.
E lec tron  tem pera tu res  are ob ta ined  f ro m  radio  recom bina tion  lines by 
m easuring  the  ratio of  the line and  con t in u u m  optical depths. A t  f requencies
104
grea te r  than  a few  h u n d re d  M hz and at densities typical to those m easured  in 
com pac t  HII regions, bo th  the line and con tinuum  will be optically  th in ,  and 
the above ratio  is ob ta ined  direc tly  from  the line and therm al co n tinuum  
an ten n a  tem p era tu res ,  T j  and  T c , respectively. T he  e lectron tem p era tu re  can 
then  be expressed  as (Brow n, Lockm an  & K n a p p  1978)
Te * [ 6 . 7 6 X 1 0 3 r 1 • 1 ( j T cd v / T c ) - 1 ] ° • 8 9  ( 4 . 3 . 2 5  )
w here ,  v, is the rest f req u en cy  of  the line in G H z , Tg is the "LTE electron 
tem pera tu re"  and the in teg ra ted  line in tensity  is expressed in K - k m s ~ 1. This 
equa tion  is de r ived  by  assum ing tha t  the up p e r  states o f  the  hydrogen  atoms are 
in  L T E  w ith  the f ree  e lectrons in the nebula. T h e  deviations o f  the level 
popu la t ion  f ro m  L T E  can be ca lculated  (Brocklehurst  1972) and , for  the range 
o f  e lec tron  densities  an d  tem pera tu res  expected  to prevail  w ith in  the DR21 
com pac t  HII reg ion  (i.e. 8000 < T e < 10000 K  and 1 0 3 < n e < 10 s c m - 3 ), 
d i f fe r  f rom  the  L T E  values by  only a few  percen t. In HII regions o f  high 
em iss ion -m easu re ,  n o n - L T E  effec ts  can result in  s ign if ican t  s tim ula ted  emission 
w h ich  causes an increased  line in tens ity  and hence  a considerable  underes t im ate  
o f  the  e lec tron  tem p era tu re .  T he  value o f  T e* de r ived  using eqn.(4 .3.2*1) must 
th e re fo re  be reg a rd ed  as a p robab le  lower lim it to the  in tr insic  T e .
F ro m  the  observed spectra ,  a l in e - to -c o n t in u u m  ratio  of  0.40 is ob ta ined , 
w h ich  at the  line f req u en cy  of H 5 3 a  (= 42.951687 G H z), gives as a tentative 
e stim ate ,  T e* «  8090 K. This value is com parab le  to tha t  derived  fo r  other 
com pact  HII regions (G aray  et al. 1985).
If ,  as is suggested by  the  anom alously  b road  rad io  recom bina tion  lines, a 
com pact ,  ionized stellar w ind  is associated w ith  the  d riv ing  source o f  the
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h ig h -v e lo c i ty  m olecular  flows observed in v ibra tional H 2 and ro tational CO line 
em ission , then  it  is im probab le  that observations of  the in f ra red  Brackett  lines 
will p rov ide  fu r th e r  in fo rm atio n  as the large l in e -o f - s ig h t  ex tinc tion  to the 
c loud  core  will totally ex tingu ish  the line photons at w avelengths  below 5 f im .  
F u r th e r  d eve lopm en t in this f ie ld , the re fo re ,  depends  solely on the aquis it ion  of 
h ig h -a n g u la r  resolution c o n t in u u m  and reco m b in a t io n - l in e  da ta  at m il l im eter  and 
rad io  wavelengths.
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4 -4 O B S E R V A T IO N S  O F R O T A T IO N A L  CS L IN E  EMISSION
4.4.(a) IN T R O D U C T IO N  T O  T H E  CS O BSERV A TIO N S
Em ission from  in ters te llar  CS is well suited as a probe  o f  the density  of  
m olecu la r  cloud cores because several transitions are easily accessible to 
observations and the physical na tu re  o f  this molecule  make it easy to excite  at 
densities  (n > 1 0 4 c m - 3 ) charac teris tic  o f  a w ide varie ty  o f  m olecu la r  cloud 
env ironm en ts .  T hough  the f irs t  few  rotational levels o f  CS are excited  at low 
tem pera tu res ,  the large d ipole  m om en t (20 times larger than CO) m akes CS 
m ore  sensitive than  CO to density  variations. In  l igh t o f  this specif ic  advantage, 
and  w ith  the in ten t  o f  investiga ting  the physical and k inem atic  s t ru c tu re  of  the 
dense gas in  an d  a ro u n d  the  DR21 ou tflow  region, ex tensive m app ing  of the 
C 32S J= 1 -0 ,  C 3i,S J= 1 -0  and  C 32S J = 2 - l  m il l im e te r-w av e  line emission over an 
a rea  on the sky encom passing both the  DR21 cloud and its n o r th e rn  com panion , 
W75S, has been  undertaken .
P rev ious observations (Bally 1982; T hronson  & L ada  1984; K a w a b e  et al. 
1984; K a ifu  e t al. 1986, and o ther  papers in IA U  Sym posium  N o .115), have 
clearly  p roven  the effec t iveness  o f  the CS molecule  as a tracer  o f  bo th  the 
dense  com ponen ts  o f  h ig h -v e lo c i ty  m olecular  ou tf low s and the c i rcu m /in te rs te l la r  
discs th o u g h t  to be responsib le  fo r  the ir  collim ation. T h e  existence o f  a massive, 
ro ta t ing , m agnetica lly  th readed  neu tra l  disc is a com m on pred ic t ion  tha t  often 
com prises  the  fu n d am en ta l  f ram ew o rk  underly ing  theore tica l in te rp re ta t io n s  o f  
the  m olecular  ou tf low  phenom enon . This  is because the e f f ic ien t  conversion  of 
disc angular  m om en tum  to d irec ted  ou tf low  along the  disc ro ta t ion  axis is the 
only m echan ism  yet conceived  w hich  can adequa te ly  account fo r  the phenom enal
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m o m en tu m  tran sfe r  rates der ived  from  observations o f  h ig h -ve loc ity  CO emission 
f ro m  a large and rap id ly  growing sample of  m olecular  outflows. With this 
know ledge  in  hand , the CS observations p resen ted  here  are used to investigate  
the im p o r tan ce  of  the  role played by the dense gas associated w ith  the DR21 
c loud  core fo r  shaping  the h igh-ve loc ity  outf low s and for  s tim ula t ing  the 
su p e r - lu m in o u s  shocked H 2 line emission. T he  CS observations also aid in our 
u n d e rs tan d in g  o f  the physical s truc tu re  o f  the h ig h -ve loc ity  ou tf low  gas and 
even  suggest p lausible clues as to its origin and eventual fate.
4.4.(b)
T H E  O B S E R V IN G  M E T H O D  E M P L O Y E D  F O R  T H E  CS O B SE R V A T IO N S
T h e  observations were  m ade on A pril  20 -23  1986 using the 4 5 -m  radio 
telescope o f  the  N obeyam a R adio  O bservatory . A t 49 G hz , the  m easured  FW HM  
b eam w id th  o f  the telescope is 36 arcsec and the m ain  beam eff ic ien cy ,  7 7 3 , is 
0.53. T h e  co rrespond ing  values a t 98 G hz  are 20 arcsec and  0.44, respectively .
T he  spectra l  lines o f  C 3 2 S (J= l-0 ,  48.99100 G hz), C 3 «S(J= l-0 ,  48.20695 Ghz) 
an d  C 3 2 S(J=2-1, 97.98107 G hz) were observed  sim ultaneously  w ith  the aid of  a 
beam  sp li t te r  and  two ind ep en d en t  receivers. A n acousto -op tica l  
rad io sp ec tro m e te r  (AOS) system, consisting of  e ight 2 ,048-channe l  h igh -reso lu t io n  
and  e ight 2 ,048 -channe l  low -reso lu tion  arrays, was used as the backend . The 
f re q u e n c y  resolution o f  the high(low) AOS is 37(75) K hz ,  w hich  corresponds to 
a velocity  resolution of  0.23(0.5) km s - 1  and 0.11(0.23) k m s - 1  at 49 and  98 Ghz, 
respectively .
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T he system noise tem pera tu res  experienced  d u r ing  these observations were 
typ ica lly  700-1000  K  at 98 G h z  and 500-700 K at 49 Ghz.
4.4.(c) T H E  SPA T IA L  D IST R IB U T IO N  O F CS L IN E  EMISSION
T he spatial d is tr ibu tion  o f  the peak  an ten n a  tem p era tu re  and in tegrated  
in tens ity  in the CS J = l - 0  and J = 2 - l  transit ions are shown in F igs.[4.4.1] &
[4.4.2], respectively . The  dense ( n ( H 2) > 10 4 c m - 3 ) m olecular  gas sam pled by 
the CS emission is d is tr ibu ted  along a na rro w  ridge ex tend ing  n o r th - so u th  for 
m ore th an  6  a rcm in  (= 6  pc, a t 3 kpc) w ith  an average w id th  (FW HM ) o f  less 
than  1 a rcm in  (= 1 pc). T h e  ridge is c lum py  and exhib its  th ree  p rom inen t  
centres o f  en h an ced  CS an tenna  tem pera tu re .  T he  sou the rnm ost  condensa tion  is 
associated w ith  the DR21 m olecular  c loud, the m ap orig in  being located at  the 
best es t im ated  position fo r  the  source o f  the  h ig h -v e lo c i ty  CO ou tf low  (viz. 
Sec.[4.3.c]). T h e  central condensation  is spatially  co inc iden t  w ith  the  W75S(OH) 
m aser source, there  being no obvious CS emission associated w ith  the 
W75S(IRS1) young-s te l la r  o b jec t ,  w hich  is the s tronger  20 f im  con t in u u m  and
H 2 em iss ion -l ine  source o f  the two. T he  W75S(OH) cloud is considerably
b r ig h te r  in  in tegra ted  CS emission th an  the  m a in  DR21 cloud core. T h e  most 
n o r th e r ly  condensa tion  is by fa r  the  w eakest o f  the  th ree  clouds in CS emission 
and is spatia lly  associated w ith  an H 20  m aser d iscovered  by Canto et al. (1976) 
and  Genzel & Downes (1977). The  W75S(OH) and DR21 m olecular  clouds are 
d isplaced by a p ro jec ted  angu lar  separa tion  o f  3 a rcm in  (= 3 pc) and the
W 75S(H 2 0 )  m aser source lies a fu r th e r  1 a rcm in  (= 1 pc) to the  n o r th  of
W75S(OH).
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FIGURE 4.4.1 : (a) Contours of peak antenna temperature in the CS J=l-0
line over the DR21/W75S region. The beam size is 36 arcsec and the map 
origin is located at the position of the high-velocity CO outflow source 
in DR21. The lowest contour corresponds to IK and the contour spacing is 
0.5K. (b) Contours of integrated line intensity for the same region.
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FIGURE 4.4.2 : (a) Contours of peak antenna temperature in the CS J=2-l
line over the DR21/W75S region. The J=2-l transition was mapped 
simultaneously with the J=l-0 line, as shown in Fig.[4.4.1]. The beam 
size is 20 arcsec and the map origin is located at the position of the 
high-velocity CO outflow source in DR21. The lowest contour corresponds 
to 1 K and the contour spacing is 0.5 K. (b) Contours of integrated 
line intensity for the same region. The lowest contour corresponds to 
3 K-km/s and the contour spacing is 2 K-km/s.
I l l
T h e  spatial d is tr ibu tion  of  CS emission closely resembles the  m orpho logy  of 
the 1 -m m  c o n t in u u m  (Werner et al. 1975) and H C N  J = l - 0  line emission (M orris  
et al. 1974), as illustra ted  in Fig.[5.1.1], These re la tively  h ig h -a n g u la r  resolution 
CS m aps  also show an excellent resem blance to the 50 f im  and 100 p.m
h ig h -a n g u la r  resolution fa r - in f r a re d  maps o f  H arvey  et al. (1986). All th ree  of  
the CS condensations are clearly iden tif ied  in f a r - in f r a r e d  emission and are thus 
p re su m ab ly  in d ep en d en t ,  se lf - lum inous  centres o f  ongoing s tar fo rm ation .  The 
f a r - i n f r a r e d  em ission, w hich  is a good m easure o f  the colum n density  o f  the
m olecu la r  gas, is well f i t  by emission f ro m  w arm  dust at T ^  = 50 K . This 
spatia l co rre la tion  the re fo re  suggests tha t the CS emission s im ilarily  reflects  well 
the l in e -o f - s ig h t  co lum n density  o f  the m olecular  gas, tha t is, p rov id ing  there 
are  no large changes in the d u s t- to -g a s  ra tio  a n d /o r  dust tem p era tu re  over
scales larger than  the beam  size.
T h e  appearance  of  the  peak  an ten n a  tem p era tu re  and in tegra ted  emission
m aps, in bo th  CS J= 1 —0 and J= 2 - l  transit ions, show im p o r tan t  s truc tu ra l
d iffé renc ies .  In the m ap o f  CS J= 1 -0  peak  an ten n a  tem p era tu re ,  the  DR21
condensa tion  consists o f  a th in ,  N -S  e longated  ridge o f  high b r igh tness  CS
em ission w ith  tw o d is tinc t tem pera tu re  peaks, a t  both  ends o f  the  r idge. In 
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con tras t ,  the  d i s t r i b u t io n  of  in tegra ted  emission exhib its  a single peak  at the
DR21 cloud  core, positioned  exactly m idw ay  be tw een  the two tem p era tu re  peaks. 
I f ,  as a lluded  to above, the  peak  CS an ten n a  tem p era tu re  is taken  as a p ro b e  of  
the  gas co lum n  density  and the in tegra ted  em ission as an ind ica to r  o f  the 
overall p ro f i le  w id th , then  it appears tha t we m ay be v iew ing an  almost
e d g e -o n  disc o f  dense m olecular  gas w ith  a h ig h -v e lo c i ty  ou tf low  located  at its 
cen tre .  L im b -b r ig h te n in g  at the  edges of  the disc then  gives rise to the  double  
peak ed  s t ru c tu re  observed in  CS an tenna  tem pera tu re .  A dd it iona lly ,  a steep 
rad ia l d e n s i ty / te m p e ra tu re  g rad ien t in the disc p lane m ay also help to generate
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an ap p a ren t  d o u b le -p e a k  m orphology due to se lf -ab so rp t io n  o f  the core emission 
by a low er-ex c i ta t io n  fo reg round  gas com ponen t.  In CS J = 2 - l  emission, the 
peak  an tenna  tem pera tu re  m ap also shows a n a rrow  ridge  of  e levated  line 
tem p era tu re  associated w ith  the DR21 cloud core tha t is m ore  s t ruc tu red  and 
•less cen tra lly  peaked  than the d is tr ibu tion  of  in tegra ted  line emission. T he  CS 
J = l - 0 ,  and possibly also the J = 2 - l  observations, thus p rov ide  compelling 
ev idence  fo r  the existence of  a large and com para tive ly  th in  disc of  neutra l  gas, 
o r ien ted  e d g e -o n  to the line of  sight, and cen tred  close to, bu t  s lightly  o f fse t  to 
the  south  of, the proposed  location of  the DR21 h ig h -v e lo c i ty  CO outflow  
source.
A n o th e r  str ik ing  fea tu re  o f  these maps is the s lender  f in g er  o f  b r ig h t  CS 
em ission em anating  f ro m  the  no thern  par t  o f  the DR21 m olecular  disc and 
ex tend ing  over 100 arcsec to the  sou th -w est .  A co rrespond ing  n o r th -e a s te rn  lobe 
is also p resent,  and  also extends to over 100 arcsec f rom  the DR21 ou tflow  
cen tre ,  bu t  is s ign if ican tly  less p rom inen t  than  the  so u th -e a s te rn  lobe. T h a t  these 
ex tended  f ingers  o f  CS emission are real h ig h -d e n s i ty  extensions to the  DR21 
c loud  core is c o n f irm ed  by noting th a t  a s im ilar  so u th -w e s te rn  f i lam en t is also 
observed  in  H C N  J = l - 0  emission (M orris  e t al. 1974), and  th a t  this molecule  
requires  the  p resence  o f  very  dense gas ( n ( H 2) > 1 0 5 c m - 3 ) fo r  collisional 
excita tion . It is m ost likely that these pecu lia r  f i lam ents  o f  dense gas are 
dynam ically  associated, in some broad sense, w ith  the ex tended  and ex trem ely  
energetic  b ipo lar  ou tf low  activity  in the  DR21 region, as ou tl ined  prev iously  in 
shocked  H 2 and h ig h -ve loc ity  CO emission.
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4.4.(d) T H E  V E L O C IT Y  D IST R IB U T IO N  O F CS L IN E  EM ISSION
In F igs.[4.4.3] & [4.4.4], a series of  v e lo c i ty -ch an n e l  maps show the 
d is tr ib u t io n  o f  CS J= 1-0 and J = 2 - l  line emission associated with the DR21 and 
W75S m olecular  clouds as a func tion  o f  Vjs r , each ad jacen t  m ap being spaced 
by 1 k m s “ 1 intervals. In the J = l - 0  transit ion , the W75S(OH) condensation 
dom inates  the CS emission at all velocities in the  line p ro f i le  and exhibits  a 
peak in in tegra ted  emission over the velocity range, -5  < Vjsr < -3  k m s- 1 . The 
systemic velocity  o f  the W75S(OH) cloud is th e re fo re  b lu e - sh i f te d  by 2 km s “ 1 
re la tive to the DR21 cloud which  exhibits  a m ax im um  in in tegra ted  CS line 
emission over the  velocity  range -3 < Visr < -1 k m s“ 1.
T he  b luew ards sh if t  in  the peak velocity o f  the CS J = l - 0  emission with 
increasing  no r th w ard s  d isp lacem ent f rom  the DR21 cloud core is perhaps be tter 
d isplayed by the  position-ve loc ity  (PV) diagram s p resen ted  in F ig .[4.4.5], Also 
revealed  th ro u g h  these PV diagram s, is the  presence  of  fa in t  h ig h -v e lo c i ty  wings 
associated w ith  the  DR21 m olecular ou tf low  (these are  especially  p ro m in en t  in 
the  J = 2 - l  emission) and  also the presence of  b road  lines, w i th  neglig ib le  wings, 
associated w ith  the W75S(OH) source. T he  doub le  peaked  s t ru c tu re  to the W75S 
c loud, in J = 2 - l  emission, results p r im arily  f ro m  se lf -a b so rp t io n  o f  the 
back g ro u n d  em ission by low er-exc ita t ion  fo re g ro u n d  gas a t V isr = -2 .5  k m s“ 1. 
This fo reg ro u n d  gas m ay be associated w ith  the DR21 c loud , as it  possesses a 
sim ilar systemic velocity. The presence o f  se lf -ab so rp t io n  also explains w hy  the 
peak  line tem p era tu re  of  the CS J = 2 - l  t rans i t ion  associated w ith  the W75S 
m olecu la r  c loud  is s ign if ican tly  depressed re la tive  to the J= 1 -0  (as will be 
show n  later, the  J = 2 - l  t ransit ion  is always m ore  optically  th ick  than  the J = l - 0 )  
and  m ay  also account fo r  some of the com plex  s t ru c tu re  seen in CS J = 2 - l  




FIGURE 4.4.3 : A mosaic of velocity-channel maps in the CS J=l-0 line
over the DR21/W75S region. The map origin is located at the position 
of the high-velocity CO outflow source in DR21. The beam size is 35 arcsec 
and the integration intervals are every 1 km/s, from -7 to +2 km/s.
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FIGURE 4.4.4 : A mosaic of velocity-channel maps in the CS J=2-l line
over the DR21/W75S region. The map origin is located at the position 
of the high-velocity CO outflow source in DR21. The beam size is 20 
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FIGURE 4.4.5 : Position-velocity plots in the CS J=l-0 and 2-1
lines along a north-south cut through both the DR21 and W75S cloud 
cores. The lowest contour for both plots is 0.5 K. The contour 













T he CS line emission orig inating from  the m olecular  ridge  tha t  connects  the 
DR21 and  W75S m olecular complexes is ch arac ter ized  by n a rro w  lines, thus 
ind ica t ing  tha t  the m olecular  ridge is a dynam ically  qu iescen t  com ponen t.
T he  DR21 disc appears most p rom inen t  in CS J= 1 —0 emission and is clearly 
de f in ed  over the velocity  range, -4  < V jsr < -1 k m s- 1 . A n extrem ely
interesting  aspect o f  the J = l - 0  ve loc ity -channel  maps show n in F ig .[4.4.3] is the 
a p p a ren t  sh if t  in the position o f  peak emission f ro m  south  o f  the  disc centre , 
at ^ l s r  = -3  k m s- 1 , to no rth  o f  the disc cen tre ,  a t V jsr = -1 k m s - 1 . The
p ro jec ted  angular  separa tion  of  the north  and south  peaks is app rox im ate ly  1 0 0  
arcsec (= 1.5 pc). This  so u th - to -n o r th  sh if t  in peak  emission w ith  velocity  may 
be taken  as d irec t  ev idence  tha t  the disc is ro ta t ing  abou t an axis th ro u g h  its 
c en tre  w ith  an app rox im ate  velocity  o f  ro ta t ion , V ro t  « 1 k m s- 1 . As the 
velocity  d isp lacem ent f rom  Vjsr = -2.5 k m s - 1  increases, the disc gradually
looses its r igid N -S  com posure  and warps over to the  east a t b lu e -sh if ted
velocities and  to the west at r e d -sh i f te d  velcities. A t  even h ig h e r  velocity
d isplacem ents  the disc merges smoothly w ith  the  p r im ari ly  E -W  oriented ,
h ig h -v e lo c i ty  ou tf low  lobes. T h e  ve loc ity -channe l  m aps thus suggest tha t  the
ou tf low  gas originates f ro m  the surface  o f  the  ro ta t ing  disc and  is then  focussed 
fu r th e r  ou t to fo rm  two opposite ly d irec ted  m olecular  jets.
T he  CS outflows appear  most p ro m in en t  a t velocities close to the DR21 
systemic velocity  and exh ib it  a h igh ly -co ll im ated  and  c lu m p y  s t ruc tu re .  The 
m orpho logy  o f  the  CS ou tflow  lobes changes dram atica lly  w ith  increasing 
velocity  d isp lacem ent, becom ing m ore c lum ped  and  less-w ell  d e f in e d  at velocities 
associated w ith  the line wings. A t all velocities, how ever ,  the  ex tended  CS 
emission f ro m  the ou tf low  lobes is anom alously  b r ig h t  and  exhib its  a high
contrast  re la tive to the  su rround ing  am bien t  cloud emission. A n  analysis o f  the
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various physical processes tha t  may be responsible  fo r  genera ting  enhanced  CS 
emission w ith in  the ou tf low  is de fe rred  till later (Sec.[5.5]).
PV plots along an E -W  d irec tion , parallel to the  ou tf lo w  axis, and bisecting 
the cen tra l  h ig h -ve loc ity  CO outflow  source, are  p resen ted  in Fig.[4.4.6]. In 
these plots the  cen tra l  ou tf low  source and w este rn  ouflow  lobe are clearly 
revealed , the f irs t  characterised  by both b lu e -  and r e d -w in g  emission, the 
second by b lu e -w in g  emission only. T he  strong b lu e - s h i f te d  emission associated 
w ith  the w estern  ou tf low  lobe bears a s trong resem blance  to the CO and H 2 
l ine profiles  observed  at  this position, thus p ro v id ing  fu r th e r  c o n f irm a tio n  fo r  a 
physical association o f  the  h ig h -ve loc ity  CS emission w ith  the ou tf low  gas. 
A n o th e r  in teresting  k inem atic  fea tu re  unveiled  by the  E -W  PV  d iagram s is the 
sudden  sh if t  in  line centre  velocity  at the w estern  o u tf low  lobe. This velocity 
ju m p  is par t icu la r i ly  ev iden t  in J = l - 0  emission and  m ay  rep resen t  the inner 
bo u n d a ry  o f  a slowly expand ing  shell o f  dense gas sw ept up b y  the outflow . 
Such sharp  velocity  shifts are a com m on charac ter is t ic  o f  ionization  and shock 
f ron ts  w here  the p o s t-shock  gas is com pressed to fo rm  a th in  shell o f  dense 
materia l  m oving at a slightly  d i f fe re n t  ve locity  than  the am b ien t  cloud 
(O m odaka, H ayashi & Hasegawa 1984 & 1985).
4.4.(e) T H E  C O L U M N  D E N SITY  A N D  MASS O F H IG H -V E L O C IT Y  CS GAS
U sing  the C 32S J= 1 -0 ,  C 34S J= 1 -0  and C 32S J = 2 - l  da ta  p resen ted  above, it 
is possible to derive an estim ate  fo r  the mass o f  the dense com p o n en t  to the 
DR21 o u tf low  via two rela tive ly  in d ep en d en t  m ethods. O ne p a th  available , is to 
use the  m ain  C 32S J = l - 0  and isotope C 34S J= 1 -0  transit ions to calculate  the 
line optical dep th  and thence the total H 2 co lum n density  and  mass, assuming
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FIGURE 4.4.6 : Position-velocity plots in the CS J=l-0 and 2-1 lines
along a east-west cut through the DR21 cloud core and bisecting the 
high-velocity, blue-shifted outflow lobe to the west. The lowest 













sim ple L T E  conditions, an em pirica l H 2 to CS abundance  ratio and a plausible 
geom etry  fo r  the em itting  gas. This  m ethod  is identical to tha t em ployed for 
analysing the CO data  p resen ted  in Sec.[4.3.e]. A lte rna tive ly ,  one can d iscard  the 
overs im p lif ied  assum ption  of L T E  excita tion  and conduc t  a detailed  radiative 
t ran s fe r  calculation  using in fo rm ation  der ived  f rom  both the J = l - 0  and J = 2 - l  
transitions. In this way, the respective  level popula tions, at a specif ic  gas kinetic  
te m p era tu re ,  can be m odelled , thus allowing a calculation o f  the optical dep ths  
and  rad ia t ion  tem pera tu res  charac ter is t ic  to each transition  o f  the molecule. The 
p red ic ted  rad ia tion  tem pera tu res  o f  each transition  can then  be d irec tly  
com pared  w ith  the observed spectra , th e rb y  constra in ing  the characteris tic  gas 
vo lum e density  and re la tive CS abundance  requis ite  fo r  excita tion . A com parison  
o f  the  masses ob ta ined  f ro m  these two in d ep en d en t  m ethods will, m oreover,  
p rov ide  a useful estim ate  o f  the  e rro r  involved in the results. Also, by 
ca lcu la ting  the volum e and  co lum n  densities independen tly ,  it  is conceivable  tha t 
we m ay  be able to d raw  im p o r tan t  conclusions regard ing  the  f ra g m en ta ry ,  or 
c lum py , na tu re  o f  the dense gas.
(i) L T E  M E T H O D
T he colum n density  in CS molecules, N(CS), is ob ta ined  by assuming that 
the  cloud is optically  th in  in C 34S w h ich  has the  same excita tion  tem pera tu re ,  
T x , as CS and tha t  all the  CS molecules are popula ted  in local the rm odynam ic  
equ il ib r ium . It  is p re fe rab le  to use the J = l - 0  transit ion  fo r  this purpose , ra the r  
than  the J = 2 - l ,  because the  J = l - 0  trans it ion  is always less optically  th ick  than 
J = 2 - l  fo r  physical conditions com m on to most m olecular  clouds. Also, as no 
d irec t  m easu rem en t o f  the C 34S J = 2 - l  line was m ade, it  is d if f icu l t  to specify  
w ith  absolute  cer ta in ty  the optical d ep th  in  this line, especially at low -ve loc ity
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disp lacem ents  f rom  the line core w here  the J= 1-0 optical dep th  is m easured  to 
be substantial. The fo llowing analysis entails essentially the same steps as were 
ou tlined  for  the der iva tion  of  the  h igh -ve loc ity  CO colum n density  in Sec.[4.3.e].
In o rder  to investigate  possible varia tions in the physical p ropert ies  o f  the 
gas em itting  at d i f fe re n t  velocities in the observed line pro f i le ,  the  pro f i le  is 
segm ented  into th ree  spectrally  d is tinc t portions, d e f ined  as follows:
LINE CORE : -4  t o  -1 km s-1
RED WING : -1 t o  +2 kms-1
BLUE WING : -7  t o  -4  kms-1
T hese  velocity  limits were  chosen p r im ar ily  to m ax im ize  the  k inem atic  
in fo rm a tio n  in h e ren t  to the  CS v e loc ity -channe l  maps p resen ted  in Figs.[4.4.3] & 
[4.4.4], In the fo llow ing analysis, each o f the above three  velocity  intervals  are 
considered  to be in d ep en d en t  dynam ical com ponents.
T he  co lum n density  can be expressed  in term s of the  optical d ep th  at line 
cen tre ,  r 0 , the  pro f ile  velocity  w id th  at h a l f -m a x im u m , AV, and the  par t i t ion  
fu n c t io n ,  Z, as follows (c.f. Sec.[4.3.f])
3 h AY 7 0  Z
N = ---------- — '   ( 4 . 4 . 1 )
8 t 3 /i2 [1 - e x p ( - T 0 /Tx ) ]
w here , Z = 2 (T X/ T 0) and , fo r  the CS J = l - 0  transit ion , T 0  = h r 10/ k  = 2.35. 
F or  the electric  dipole m om en t o f  CS, the  value, /x = 1.97 debye, is taken  as 
g iven by M ockler  & Bird (1955). Eqn.(4.4.1) now  becomes
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AY Tx r  0
N(CS) = 1 . 8 X 1 0 12   cm'2 (4.4.2)
[l-exp(-2.35/Tx)]
w here ,  AV is expressed in k m s- 1 . M ultip ly ing by the beam  filling fac to r ,  / ,  as 
d e f in ed  prev iously  in eqn.(4.3.5), results in the fo llowing expression fo r  the 
beam  averaged  co lum n density
(T +0.4)




a io  , - 2—    dv  cm
VB [1-exp(-T n o)]
( 4 . 4 . 3 )
N ote  th a t  i f  the  line is optically  th in  then  the  optical dep th  correc t ion  fac tor ,
r , 0 / [ l - e x p ( - r  1 0)] = 1 , o therw ise , t 1 0  is ob ta ined  f rom  the expression given
prev iously  in  eqn.(4.3.4), taking in this case an ab u n d an ce  ratio of  [ C 3 2 S / C 3 4 S]
= 22.6. As the  optical dep th  correc tion  fac to r  can lead to a s ign if ican t  increase 
in the value of  N(CS) i f  r 1 0  > 1, it is vital tha t  a good estim ate  o f  r , 0 fo r  
each o f  the chosen velocity  intervals  be obta ined . It was precisely  fo r  this
pu ropose  th a t  s im ultaneous m apping  in the C 32S and  C 34S J= 1 -0  transit ions was 
un d er tak en .
D ue  to the in h e re n t  fa in tness of  the  C 34S isotope emission, in  con ju n c t io n  
w ith  the  re la tive ly  short  in tegra tion  times em ployed  fo r  this s tudy , it  was 
possible to positively detec t the isotope line from  only a small por t ion  o f  the 
a rea  m ap p ed ,  con f ined  to a 1 a rcm in  d iam ete r  reg ion  cen tred  on the DR21 
o u tf low  source  (map o ffse t 0,0). The position o f  s trongest C 34S J = l - 0  emission 
is located 2 0  arcsec to the no rth  of  the ou tf low  cen tre ,  at map o ffse t  (0 ,2 0 ), 
w here  a peak  a n te n n a - te m p era tu re  ratio T a* ( C 3 4 S ) /T a* ( C 3 2 S) = 1/6 is observed. 
U sing  eqn.(4.3.4), this ra tio  in tu rn  implies a peak  optical dep th  in  the  CS
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J = l - 0  trans it ion  of  r 1 0  = 4 to 5. H ow ever,  the average a n ten n a  tem p era tu re  
ra tio ,  taken  over the central 1 a rcm in  d iam eter  region, T a* ( C 3 4 S ) /T a* ( C 3 2 S) = 
1 / 1 0 , is considereab ly  less than observed at the (0 ,2 0 ) position and implies an 
average  CS J = l - 0  optical dep th  in the line core o f  r , 0 = 2 to 3. T ow ards  the 
ex ten d ed  CS emission associated w ith  the DR21 sh o c k e d -o u tf lo w  lobes, an up p e r  
lim it,  T a* ( C 3 4 S ) /T a* (C 3 2S) < 1/20, is m easured  which  is consis tent with  the 
te rres tr ia l  ab u n d an ce  ratio and clearly indicates tha t the ex tended  CS J= 1 -0 
emission is optically  th in , even in the re latively strong line core. A t the 
positions w here  the C 34S isotope was de tec ted , the line is n a rrow  and does not 
app ea r  to possess the wings tha t are so clearly ev iden t  in the C 32S emission 
profiles. To assume tha t the h igh -ve loc ity  CS J = l - 0  emission is optically  thin 
over the en tire  a rea  m apped  is, the re fo re ,  regarded  to be a re la tively  good 
app ro x im atio n  in  this case.
U sing  the expression fo r  N(CS) given in eqn.(4.4.3), it  is then  a 
s t ra ig h tfo rw ard  process to calculate the total mass o f  gas fo r  each  velocity  
co m p o n en t  in the line profile . T he  total mass of  gas w ith in  one beam  area is 
g iven by
M = 4 x 1 0 ’ 1 6  N(CS) g a s
X(CS)' - 1 8 2 D
io'9 arcsec kpc
M ( 4 . 4 . 4 )
o
w here ,  8 is the  FW H M  beam  size, in arcsec, D is the d istance to the source, in 
k pc , and the  mass of  gas (hydrogen  + helium ), M gas, is expressed  in solar 
masses. To proceed  w ith  this line of  analysis, it  is necessary  to spec ify  values 
fo r  the  excita tion  tem pera tu re ,  T x , and  the CS abundance ,  X ( C 3 2S), re la tive  to 
hydrogen . N oting  the physical constra in t tha t  T X(CS) < T x(CO), w h ere  T x(CO) = 
40 K  (viz. Sec.[4.3.e]), it will be assumed, fo r  the m om ent,  th a t  T X(CS) = 20 
K . It is w or th  noting, how ever, tha t  as N(CS) and M gas bo th  scale linearly
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w ith  T x , then  any fu tu re  a lterations to this assum ed value are easily 
en copro ra ted  into the  results. The  u ncer ta in ty  in the chosen value fo r  T x is
expec ted  to be of  o rder  ±10 K.
T he  abundance  o f  CS and  its varia tion  in d i f fe re n t  m olecular  cloud
env ironm en ts  is, like m ost o ther  abundance  de te rm ina tions ,  poorly  unders tood  at 
p resent. T he  abundances  quo ted  in the l i te ra tu re  can d i f f e r  by up  to four 
orders o f  m agn itude , from  10~ 8 to 10- 1 2 , how ever,  in a s tudy  o f  over  40 dark  
clouds L inke  & G oldsm ith  (1980) f ind  tha t values of  X(CS) tend  to lie mostly 
w ith in  the range 10~ 8 to 10- 1 0 . In accordance  w ith  the L ink  & G oldsm ith  
f ind ings ,  a value, X(CS) = 1 0 " 9, is assumed here to charac ter ize  the CS gas in 
the  DR21 m olecular c loud. These  values fo r  T x and X(CS) are in good accord  
w ith  those der ived  using the  L V G  model analysis, to be descr ibed  in the second 
p a r t  o f  this section.
T he  k inem atic  fea tu res  discussed in  Sec.[4.4.d] can be associated w ith  specific  
physical s tructures  in  the DR21 o u tf low  system. In pa r t icu la r ,  it  is suggested 
th a t  (i) the  op tica l ly - th ick , low -ve loc ity  CS emission in  the cen tra l  parts o f  the 
DR21 cloud is associated w ith  a massive neu tra l  disc, (ii) the  ex tended , 
o p t ica l ly - th in ,  low -ve loc ity  emission is associated w ith  the com pressed  am bien t  
gas sw ept up by the DR21 ou tflow  and, (iii) the ex tended  h ig h -v e lo c i ty  red  and 
blue  emission arises f ro m  the ou tf low  gas itself. These velocity  com ponen ts  are 
t i t led  the d is c ,  l o w - v e lo c i t y  o u t f l o w  and h i g h - v e lo c i t y  o u t f l o w ,  respectively . The
peak  CS colum n density  and total mass o f  gas charac teris tic  to each  velocity
com ponen t,  as derived  f ro m  the  L T E  anlysis, are tabu la ted  in  Table[4.4.1], The  
to tal mass o f  gas in  the  disc, low -ve loc ity  ou tf low , and h ig h -v e lo c i ty  ou tf low  J
are  calculated  to be on the o rder of  5 .5x10 4, 10 4 and 1 .5x10 4 M  0, respectively .
I t  m us t  be stressed, how ever ,  tha t  these estimates m ay  be in  e r ro r  by  up to one
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TABLE 4.4.1








DISC 2 1.5(15) 5.5(4)
HIGH-VEL
OUTFLOW
«  1 3.3(14) 1.5(4)
LOW-VEL
OUTFLOW
«  1 2.5(14) 1.0(4)
W75 S > 2 > 3.0(15) > 1.5(5)
1 : Tx(CS) = 20 K
2 : [CS]/[H2] = 1(— 9)
o rd e r  o f  m ag n itu d e ,  p r im ar i ly  due  to u n ce r ta in ty  in the CS abundance .
A lthough  a d irec t  m easu rem en t o f  the CS J = l - 0  optical d e p th  tow ard  the 
W75S cloud is no t available, on the  bases o f  the DR21 analysis it is reasonable 
to an tic ipa te  that,  r 1 0  > 2. F or  this lim it, a best es tim ate  for  the mass o f  the 
W75S c loud, M gas > 1 .5x10 5 M 0, is der ived , w hich  is at least tw ice as large as 
the  mass der ived  fo r  the DR21 cloud core. This  conclusion is clearly  ap paren t  
in the ve lo c i ty -ch an n e l  maps in which the W75S source dom inates  the CS 
emission at m ost velocities in the profile .
T he  m ost s tr ik ing  aspect o f  these der ived  masses is tha t  the mass o f  the 
DR21 m olecular  disc and h ig h -v e lo c i ty  ou tf low  are  roughly  com parab le  w ith in  
the  an tic ipa ted  errors. T he  mass o f  the h ig h -v e lo c i ty  ou tf low , as der ived  f rom  
the CS observations, is one o rder  o f  m agn itude  h igher  than the mass derived  
f ro m  a sim ilar  analysis using the  CO m olecule  (~ 2000 M 0, Sec.[4.3.e]). This 
d isc repancy  most p robab ly  reflects  the fac t  th a t  the  CS emission is a be t te r  
p robe  of  the  denser , s low er-m o v in g  ou tf low  gas whils t  the CO emission arises 
p r im ar i ly  f ro m  the  less-dense , fa s te r -m o v in g  gas. T he  CS transit ion  m ay thus be 
v iew ed as being a good trace r  o f  the total ou tf low  mass whilst CO is a be t te r  
t race r  o f  the bu lk  k inetic  energy  in  the ou tf low . As will be discussed later, the 
s ign if ican t  d if fe ren ce  in the  mass estimates de r iv ed  using the CS and CO 
emission brings to l igh t a very  im p o r tan t  po in t ,  nam ely , tha t  the  density  
d is tr ib u t io n  of  the  gas m ay no t be hom ogeneous. F or  exam ple , i f  the  outf low  
gas is com posed m ain ly  o f  dense ( n ( H 2) > 1 0 5 c m - 3 ) c lum ps then  the CS 
em ission fac ilita tes a p robe  of  the  mass in te rna l  to these c lum ps, w hils t  the  CO, 
due to its small dipole m om en t,  is heavily  biased as a p robe  o f  the mass in the j
m ore  d if fu se  in te r -c lu m p  m edium .
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If  the charac ter is t ic  ou tf low  velocity in the dense gas is, V h v f(CS) = 5 
k m s - 1 (a generous estim ate  tha t is in tended  to partia lly  accoun t fo r  the 
p ro jec t io n  o f  the  ou tf low  axis relative to the l in e -o f - s ig h t ) ,  then , the ou tf low  
m o m en tu m  is
Phvf(CS) = l.OxlO43 g cm s' 1
and the bulk kinetic energy in the dense outflow gas is
Ehvf(CS) = 3.8x10 4 8 erg
F u r th e rm o re ,  i f  the  charac teris t ic  ou tf low  age is 5 x 1 0 4 yr (viz. Table[5 .5 .1 ]), 
then  this value fo r  the k inetic  energy  corresponds to a m echanical lum inosity  in 
dense o u tf low  gas , L m (CS) = 660 L 0, w hich  is com parab le  to tha t  calculated 
f ro m  the analogous analysis of  the h ig h -v e lo c i ty  CO emission (i.e. L m (CO) = 
540 L 0).
(ii) L V G  M E T H O D
As the  CS m olecule  is p r im ari ly  collisionally excited  fo r  typical conditions 
p reva ilen t  w ith in  dense m olecular  cloud cores, i t  is a re la tively  s t ra igh tfo rw ard  
p ro ceed u re  to calculate, u n d e r  specif ic  dynam ica l  and physical conditions, the 
re la tive popula tions in each ro tational energy  level. T he  calculated d is tr ibu tion  of  
level popu la tions  can then  be used to p red ic t  the  em erg en t  in tensities  o f  various 
transit ions w hich  one would  observe f ro m  a gas of  excita tion  tem p era tu re  as 
d e f in ed  by the  m odel. I f  m ore than  one t rans i t ion  o f  a m olecule is observed, 
then , it  is possible to derive  physical p ropert ies  fo r  the gas f ro m  a d irec t
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com parison  o f  the  observed  rela tive line in tensities  w ith  those p red ic ted  by the 
model. T h e  m ost com m only  used rad ia tive  t ransfe r  code is one w hich  employs 
the Sobolev Escape P robab ili ty  M ethod  as its basic f ra m e w o rk  and is usually 
te rm ed  the "Large V elocity  G radien t"  (L V G ) model (G oldre ich  & K w an  1974;
L ink  & G o ldsm ith  1980; Snell, L anger & F erk ing  1982).
F u n d a m e n ta l  to the L V G  ap p rox im ation  is the assum ption  tha t  the dopp ler  
sh if ts  be tw een  m olecules located at d i f fe re n t  positions in the cloud are of 
su f f ic ie n t  m ag n itu d e  tha t only local rad ia tive  t ransfe r  effec ts  need be considered. 
T hus ,  d i f f e r e n t  parts  o f  the  observed  line profile  are p roduced  by essentially 
decoup led  regions o f  the  cloud. T he  association o f  a pa r t icu la r  portion  o f  the
p ro fi le  w ith  a cer ta in  physical region o f the moving source then depends 
p r im ar i ly  on the  details o f  the  assum ed velocity  field.
A sim ple  L V G  m odel was construc ted  to com pute  the  excita tion , and  hence 
the  p red ic ted  em ission spec trum , as a fu n c t io n  o f  CS rela tive abundance  per 
velocity  g rad ien t ,  X (C S ) / (d v /d r ) ,  gas k ine tic  tem p era tu re ,  T ^ ,  and volum e
density ,  n ( H 2). T he  collisional excita t ion  ra te  coeffic ien ts  calculated  by G reen  & 
C h ap m an  (1978) fo r  collisions w ith  H 2 and  a CS dipole m om en t o f  1.97 debye 
(M ockler  & Bird , 1955) w ere  used and the  level popula tions were  solved
num erica l ly  using the lowest 10 CS energy  levels and assuming a velocity
grad ien t ,  V cc r. T he  results d r ived  f ro m  this m odel are s im ilar to those of 
M art in  & B arre t t  (1978) and L ink  & G o ldsm ith  (1980). C om parison  of  the L V G  
results w ith  those o f  m ore  com plex  m ic ro tu rb u len t  models (Snell 1980, White 
1977) ind ica te  tha t  the excita tion  conditions  are not very  sensitive to the details
o f  the  rad ia t ive  transfe r .  It is th e re fo re  conceivable  tha t  these simple LV G
calculations m ay d i f fe r  by no m ore  than  a fac to r  o f  3, or so, f rom  the real 
values, even  i f  the  region is in tu rb u le n t  ra th e r  than  system atic  motion.
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As the exact value o f  the k inetic  tem pera tu re  is u n k n o w n , the  L V G  model 
was solved fo r  the l im iting  k ine tic  tem pera tu res ,  = 10 an d  40 K . T h e  results 
are  p resen ted  in F igs.[4.4.7a] & [4.4.7b], respectively, in the  fo rm  o f  g raphs that 
illustra te  th e  d ependence  o f  n ( H 2) and X (C S ) / (d v /d r )  on the  value of
u p p e r  lim it o f  40 K  is der ived  f rom  the peak rad ia tion  te m p e ra tu re  observed  in 
the rm alized  CO emission, w h ich  may represent the best available  e s t im ate  o f  T^. 
T h e  velocity  g rad ien t ,  d v /d r ,  rem ains a free  p a ram ete r  in this m odel,  a rough 
est im ate  o f  w hich  m ay be der ived  f rom  d iv id ing  the observed  line w id th , 
AVt (FW ZI) = 20 k m s“ 1, by the physical d im ensions o f  the  em ission reg ion , r = 
2 pc, resu lting  in the value, d v /d r  = 10 k m s_ 1 p c _1 . F o r  the low -ve loc ity  
em ission in  the line core a value, d v /d r  = 1 k m s - l p c - 1 , m ay  be more
a pprop ria te .
A few  general conclusions, regard ing  the excita t ion  o f  CS, can  be d raw n 
f ro m  the m odel p red ic tions, namely;
( a )  U n d e r  c o n d i t i o n s  o f  low o p t i c a l  d e p t h  i n  t h e  J = 2 - l  l i n e  
( i e .  t 21  < 1 ) ,  R j / ,  i s  a s e n s i t i v e  i n d i c a t o r  o f  n ( H 2 ) .
( b )  F o r  a g i v e n  v a l u e  o f  X (C S ) / ( d v / d r ) a n d  n ( H 2 ) ,  R 2/ ,  i s  a w eak  
f u n c t i o n  o f  Tj^, a s  lo n g  a s  > 1 0  K.
( c )  F o r  w eak  l i n e s  w i t h  h i g h  o p t i c a l  d e p t h ,  T 21 a n d  R 2// ,  do  n o t  
u n i q u e l y  d e t e r m i n e  n ( H 2 ) a n d  X (C S ) .
(d) In general, R.,/., increases with increasing n(H2) and/or T^ and}  ̂




FIGURE 4.3.7 : Results of 10 level LVG radiative transfer
model employing the rate coefficients of Green & Chapman (1972) 
(from Link & Goldsmith 1980). The LVG calculations described 
in this thesis are based on an identical transfer model; our 
results are therefore also determined by the above plots.
The contours are of constant antenna temperature for the J=2-l 
transition and of constant ratio of antenna temperatures.
Plots are shown for the two limiting cases investigated in the 
text, namely, for gas at kinetic temperatures, Tk=10 K and 40 K.
131
T h e  CS J = 2 - l  line emission will be p re fe ren tia l ly  en h an ced ,  re la tive  to the 
•1= 1 - 0  trans i t ion , in regions of  the cloud w here  the volum e density  and 
t e m p e ra tu re  are h ighest and w here  the abundance  and line op tica l dep th  are 
lowest. These physical requ irem ents  are most likely to be m et w ith in  the  dense, 
h ig h -v e lo c i ty ,  sh o ck -h ea ted  ou tf low  regions. It was thus the k n o w n  sens itiv ity  of  
the rad ia t ion  tem pera tu re  ratio , R 2/ , ,  to d i f fe re n t  physical cond it ions  that 
in it ia lly  insp ired  the idea tha t  simultaneous m apping  of  the CS J = 2 - l  & J = l - 0  
line em ission over the DR21 h igh -ve loc ity  outflows w ould  reap exc it ing  and 
in fo rm a tiv e  results.
B efore  a d irec t  com parison  betw een  the CS J= 1 -0  and J = 2 - l  observations 
can  be m ade , it is f i r s t  necessary  to convolve bo th  emissions to the same beam 
size as p ro jec ted  on the  sky. F ig .[4.4.8 ] shows a com posite  o f  n ine  high 
s ig n a l - to -n o ise  spectra  taken  in the CS J = 2 - l  trans it ion  tow ards  the  location  of 
the cen tra l  CO ou tflow  source; the central p ro f i le  is positioned  at the  map 
o r ig in  (o ffse t  0 ,0 ) and  the others are arranged  on a square  grid  o f  2 0  arcsec 
spacing. These n ine  spectra  have been  m erged  w ith  a p p ro p r ia te  gaussian 
w eig h t in g  to genera te  a 36 arcsec b eam -convo lved  CS J = 2 - l  p ro f i le ,  w h ich  is 
co m p ared  w ith  the cen tra l  CS J= 1-0 profile  in Fig.[4.4.9]. In F ig .[4.4.10], a 
ve lo c i ty -sm o o th ed  ( 1 k m s - 1  bins) version o f  these profiles is show n, along with 
the  velocity  dependence  of  the CS J = 2 - l / J = l - 0  l in e - in ten s i ty  ratio.
T h e  CS J = 2 - l  p rofile  exhibits  p ro m in en t  h ig h -ve loc ity  wings w h ich  ex tend  
f u r th e r  and are considerab ly  stronger than  the correspond ing  h igh -v e lo c i ty  
em ission  in the J = l - 0  profile . Clearly, the CS J = 2 - l  t rans i t ion  is sam pling  a 
dense  co m ponen t o f  the h ig h -v e lo c i ty  outflow . The var ia t ion  of  the in tensity  
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FIGURE 4.4.9 : CS J=2-l and J=l-0 profiles measured at the location
of the central high-velocity CO outflow source in DR21, which is also 
the position of peak integrated CS line emission. The 2-1 profile has 
been convolved to an effective beam size of 36 arcsec, using the nine 
individual spectra as shown in Fig.[4.4.8], and assuming a gaussian 
spread function. The velocity resolution is 0.1 km/s and 0.3 km/s for 
the 2-1 and 1-0 lines, respectively.
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- 1 0  0 10 
L S R  v e l o c i t y  ( k m / s )
FIGURE 4.4.10 : A comparison of the CS J=2-l and CS J=l-0 line profiles
measured at the location of the high-velocity CO outflow source. Both 
profiles have been smoothed to a velocity resolution of 1 km/s. The 
lower plot shows the ratio of 2—1/1—0 integrated emission over the 
line profile in 1 km/s bins. The 2-1 profile is a gaussian convolution 
of nine individual spectra to give an effective beam size of 36 arcsec, 
comparable to the beam size at the CS J=l-0 frequency.
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the value o f  R 2/ ,  increases m onotonically  f rom  a lowest value o f  ~ 0 . 6  at
velocities close to the  DR21 systemic velocity  (V jsr = -2 .5  k m s " 1) to a value 
in excess o f  2.0 in the f a r -b lu e  wing and 1.5 in the f a r - r e d  wing. T here  also 
appears  to be a slight, bu t s ignif ican t, asym m etry  in the value of  R j / ,  betw een 
the red  and blue wings. In total, these trends m ay be taken  as an indica tion  of 
a real d i f fe re n c e  in the physical a n d /o r  excita tion  conditions  be tw een  the
l in e -co re  and  l in e -w in g  components. The  simplest,  and possibly also the most 
acceptab le , exp lana tion  for  the increase in R 2// ,  w ith  increasing velocity 
d isp lacem ent is tha t  the  volume density  in the h ig h -v e lo c i ty  ou tf low  gas is 
s ign if ican tly  h igher  than  th a t  o f  the qu iescen t  gas com posing  the  DR21 disc or 
ridge. H ow ever ,  velocity  d ep en d en t  varia tions  in the CS a b u n d an ce  and gas 
k inetic  tem p era tu re  may also play a role in shaping  the ind iv idal line profiles.
T he  best L V G  m odel fits to the  observed  values o f  T 21  and R ^ ,  in the
line core and  the h ig h -v e lo c i ty  blue and red  wings, fo r  T ^  = 10 and 40 K ,  are
su m m arized  in Table[4.4.2], In general, it  is fo u n d  tha t  the optical d ep th  in the
J= 1-0 trans i t ion  is be tw een  3 to 10 times low er th an  in  the J = 2 - l  transition.
T he  results also ind ica te  tha t  the lo w -ve loc ity  (quiescent) emission m ust arise
f ro m  cool gas, T ^  = 10 K ,  a t a re la tively  h igh  volum e density , n(H  2) = 6 x 1 0 5
cm - 3 , and rela tive abundance , X(CS) = 1 0 " s . In contrast ,  the h ig h -ve loc ity
emission can arise f ro m  w arm er gas, 10 < T ^  < 40 K ,  of  slighly lower density ,
n ( H 2) = 1 0 5 c m ' 3, and relative abundance ,  X(CS) = 1 0 " 10. A t  velocities close
to the line core, t 21  > 30 and r 1 0  «  8 , in fa ir  agreem ent w ith  the CS J= 1 -0
optical dep th  derived  using the sim ple L T E  m ethod . A t h igher-v e lo c i ty
d isp lacem ents , r 21  « 0 . 2  and r 1 0  < 0 . 1 , thus substan tia ting  the p r io r  claim  that
R
the h ig h -v e lo c i ty  CS J = l - 0  emission is optically  th in . In  g e /e^ ra l ,  the  L V G  
m odel re tu rn s  a value fo r  the excita tion  tem p era tu re  o f  o rder ,  T x = 10 K .
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TABLE 4.4.2



















6.8 0.7 6(5): * l(-9): * 26 : * 8 : *
RED WING 
2 to 6
1.1 1.5 3(5): 8(4) 8(-ll):2(-10) 0.3 : 0.2 <0.1 : <0.1
BLUE WING 
-6 to -10
1.2 2.0 1(6) : 1(5) 2(-H) : 1(-10) 0.2 : 0.1 <0.1 : <0.1
Tx = 8-10 K for all three velocity components.
1 : assume (dv/dr) = 1 kms-lpc-1 for LINE CORE
and = 10 kms-lpc-1 for WINGS
* : no fit was obtained for these input parameters.
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So fa r ,  the  L V G  m odel has been used in only one d im ension  (velocity). 
H ow ever ,  as s im ultaneous maps in both  the CS J = l - 0  and J = 2 - l  t ransit ions as 
available , it is possible to ex tend  the analysis to th ree  d im ensions and thereby  
exp lo re  the varia tions in the  physical conditions w ith  both  spatial and velocity 
d isp lacem ent over the region m apped . This approach  should  lead to a 
considerab le  advance  in  ou r  u n ders tand ing  o f  how  the dense m olecular  gas is 
d is t r ib u te d  and  the role it plays in sustain ing and  collim ating the h ig h -ve loc ity  
m olecu la r  outflows.
Figs.[4.4.1 la ,b ,c ]  show  con tour  maps o f  the CS J = 2 - l  and J = l - 0  an tenna  
tem p era tu res  and the ir  ra tio , R 2/ ,  = [ T a ( 2 - l ) /T a ( l -0 ) ] [ r )g ( l -0 ) /T jg (2 - l ) ] ,  fo r  the 
th ree  velocity  intervals; blue w ing ( -7  to -4  k m s - 1 ), line core (-4  to -1 k m s - 1 ) 
and  red  wing (-1 to 2 k m s- 1 ). The  CS J = 2 - l  an tenna  tem p era tu re  maps are
gaussian sm oothed  to an e ffec t ive  beam  size o f  36 arcsec, similar to the  beam
size m easu red  at  the f req u en cy  of the J= 1 -0  transit ion , and the m ap orig in  is 
the  same as be fo re  (ie. cen tred  on the  best es tim ated  position of the  cen tra l  CO 
o u tf low  source). T he  m orpho logy  p resen ted  by each of the three
ve lo c i ty -ch an n e l  maps is d is tinc tly  d i f fe ren t .  In par ticu la r ,  the R 2/ ,  ra tio  maps 
b r ing  added  contrast  to several physical fea tu res  tha t are poorly  rep resen ted  in 
the  raw  an ten n a  tem p era tu re  maps. T he  ratio maps are especially useful,
because , as exp la ined  prev iously , i f  r 21  < 1 , the  value of R 2/-i c^n be taken  
as a d irec t  in d ica to r  o f  the  vo lum e density . H ence , in  the sim plest case, the 
ra tio  maps m ay  give an  im m ed ia te  visual im pression of  the  th ree -d im en s io n a l  
dens ity  s t ru c tu re  over the region m ap p ed ,  the  h igher  the value o f  R 2/-| the 
h igher  being the density.
T here  are two im p o r tan t  physical fea tu res  h igh ligh ted  in the R 2/ ,  ratio 
m aps tha t  are w orthy  o f  m ention . T h e  f irs t  fea tu re  is the h ig h -v e lo c i ty  outf low
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- 7  t o  - 4  ( k m / s )
A a  (arcsec)
FIGURE 4.4.11a : Intensity contour maps in the CS J=l-0 and
J=2-1 transitions for the velocity range, -7 to -4 km/s towards 
central high-velocity outflow region of the DR21 molecular cloud.
The J=2-l map has been gaussian smoothed to an effective resolution 
comparable to that of the J=l-0 map. The contours are numbered and 
are in units of K-km/s. The lower plot show the spatial distribution 
of the antenna temperature ratio, (2-1)/(1-0).
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- 4  to  -1 k m / s
A c t  (arcsec)
FIGURE 4.4.11b : same as for Fig.[4.4.11a], only, this time,
for the velocity range, -4 to -1 km/s.
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-1 t o  2 k m / s
A  a. (arcsec)
FIGURE 4.4.11c : same as for Fig.[4.4. 11a], only, this time,
for the velocity range, -1 to 2 km/s.
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i tse lf  w h ich  is clearly outlined  as an ex tended  reg ion  o f  en hanced  J= 2 - l  
emission ( R 2/ ,  > 1 .0 ), seen both in the red -  and b lu e - sh i f te d  velocity  intervals 
and  ex tend ing  f rom  the m ap origin to the west. T h e  average  value o f  R 2// ,  in 
the ou tf low  gas is R 2^,  « 1 . 4  and 1.0 for  the b lu e -  and r e d -w in g  emission, 
respectively . In s tark  contrast  to the h igh -ve loc ity  w ing em ission, the l ine-core  
ra tio  m ap shows little varia tion  in the value o f  R 2/ ,  w hich  is constra ined  to a 
n a rro w  range be tw een  0.6 and 0.8. The bland ap pearance  of  the R 2/ ,  ratio map 
fo r  the  l in e -co re  com ponen t is not totally unexpec ted  as this emission originates 
p r im ar i ly  f ro m  dense gas associated w ith  the qu iescen t  c loud , w hich  is itself 
featureless. A verage  volum e densities and CS rela tive abundances  fo r  the
l in e -c o re  and h ig h -v e lo c i ty  com ponents , as calculated  using the L V G  m ethod , 
are  sum m arized  in Table[4.4.3].
T h e  densest gas ( n ( H 2) = 6 x 1 0 5 c m - 3 ) has a re la tive ly  low kinetic
te m p e ra tu re  (T ^  = 10 K )  and is con fined  to a com pac t reg ion  cen tred  on the
CO ou tf low  origin; this com ponen t m ay be associated w ith  the dense molecular 
disc tha t  is so clearly outlined  in the CS J = l - 0  peak  a n ten n a  tem p era tu re  map 
show n in Fig.[4.4.1a], T h e  h ig h -v e lo c i ty  CS emission associated w ith  the
ex tended  h ig h -ve loc ity  ou tf low  appears to orig inate  in  a gas of  slightly  lower 
density  (8 x 1 0 4 < n ( H 2) < 3 x 1 0 5 c m " 3) and h igher  k ine tic  tem p era tu re  (10 < T ^  
< 50 K )  than  the gas associated w ith  the DR21 cloud  core; a resu lt  tha t is 
p red ic ted  if  the h igh -v e lo c i ty  gas is heated  by the same shocks w h ich  give rise
to the  strong v ibrational H 2 line emission. T he  ex tended  low -v e lo c i ty  emission
is well f i t  by  a w arm  gas (10 < T ^  < 50 K )  o f  density  ( 1 0 4 < n(H  2) < 6 x 1 0 4 
c m " 3) and may delineate  com pressed gas at the  in te r face  b e tw een  the 
h ig h -v e lo c i ty  ou tf low  and  the am bien t  cloud. In ag reem en t  w ith  the L V G  
analysis o f  the  h igh s ig n a l- to -no ise  central CS pro f i le ,  it  is fo u n d  that, on
average , (i) the  abundance  of  CS is slightly deple ted  in the  h ig h -v e lo c i ty  gas,
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TABLE 4.4.3




























3.5 0.8 6(4) : 1(4) 5(-10) : 3(-9) 5 : 6
SHELL 
-7 to 2
0.6 1.9 6(5) : 1(5) 2(-ll) : 6(-ll) 0.2 : 0.1
Tx = 8-10 K for all velocity components
1 : assume (dV/dr) = 1 kms-lpc-1 for DISC and LOW-VELOCITY OUTFLOW
and = 10 kms-lpc-1 for HIGH-VELOCITY OUTFLOW and SHELL
2 : in general, T(1~0) ~ ^(2-l)/10
* : no fit was obtained for these input parameters
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X(CS) « 6 x 1 0 ” 1 °, relative to the low -ve loc ity  qu iescent cloud w here ,  X(CS) > 
1 0 ” 9, and , (ii) the optical dep th  in the line wings is eve ryw here  lower than  the 
optical d e p th  in the line core.
T he  second physical fea tu re  revealed  by the R 2/ ,  ra tio  maps is a thin 
she l l - l ik e  condensa tion  located app rox im ate ly  80 arcsec to the east, at h ig h - re d  
velocities , and to the sou th -eas t ,  at h ig h -b lu e  velocities, o f  the ou tf low  origin.
T h e  shell is o f  ex trem ely  high contrast ,  has a peak  value, R 2/ ,  *  1.8, and is
separa ted  f ro m  the outf low  cen tre  by an inner  cav ity  of  re la tively  low R 2/ , .
A lthough  this shell- l ike  com ponen t possesses a large value o f  R 2 / 15 the CS
J = 2 - l  an ten n a  tem pera tu re  is qu ite  low, T 21 ~ 0.6, im ply ing  a co rrespondingly  
h igh volum e density , n ( H 2) > 1 0 5 c m - 3 , and s ign if ican tly  low abundance ,  X(CS) 
< 2x10- 1 1 . One could speculate  tha t  this dense, w e l l -d e f in e d  shell m ay represent 
gas sw ep t up  at the b o undary  o f  the expand ing  DR21 HII region w hich  is 
located w ith in  the cavity  bounded  by the DR21 cloud core (disc) and the shell 
itself. T h e  location and  overall m orpho logy  o f  the com pact HII region relative 
to the  o the r  emission com ponents  belonging  to the  DR21 reg ion  is il lus tra ted  in 
Fig.[5.1.2], F ro m  this f igure ,  it  is ev iden t  th a t  the  h ig h -d e n s i ty  CS shell does in 
fac t  lie on the eastern  b o u n d a ry  of  the slighly E -W  elongated  HII region. 
E v id en ce  tha t  fu r th e r  confirm s the association o f  the CS shell w ith  the
ex p an d in g  H II region derives f ro m  the  CO ve lo c i ty -ch an n e l  maps presen ted  in
Sec. [4.3. d]. T he  IN T E R M E D IA T E -v e lo c i ty  CO maps clearly  show a similar 
sh e l l /cav i ty  s truc tu re  located to the  east o f  the  ou tf low  cen tre  and spatially 
co inc iden t  w ith  the  CS shell. It is th e re fo re  conceivable  th a t  the  shell fea tu re
observed  in  bo th  CS and  CO em ission is an a r t i fa c t  o f  the  dynam ica l  in te rac t ion  
be tw een  the expanding  HII reg ion  and the  DR21 m olecular  c loud. A t  p resent,  
th e re  are no observations available w hich  unam biguously  de f ine  the  exact
location  o f  the com pact HII reg ion  along the  l in e -o f - s ig h t .  It m ay  be in t im ate ly
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associated w ith  the DR21 m olecular cloud core and may thus play an im portan t  
role in genera ting  and sustain ing some o f  the com plex  k inem atics  associated
w ith  this region. A lterna tive ly ,  the HII region m ay lie on the back su rface  of
the c loud and thus represen t  a chance l in e -o f - s ig h t  p ro jec t ion . A discussion of
i
the  re la tive  l ik e l ih o o d  of  these two possible geom etries  is p rosponed  till later 
A
(Sec.[5.1 ]).
To conclude this section, the quan ti ta t ive  results der ived  f ro m  the L V G
m odel analysis are now  used to m ake  a rough  calculation  o f  the masses involved 
in the  d i f f e r e n t  dynam ical com ponents.
F o r  the  DR21 disc, the CS J= 1 —0 peak  a n ten n a  tem p era tu re  m ap presen ted
in Fig.[4.4.1a] is used to estim ate  a d iam ete r  and  thickness for  the disc of, 2.0 
an d  0.5 pc, respectively. F o r  an average  density , n ( H 2) = 5 x 1 0 5 c m - 3 , a solid 
disc o f  these d im ensions has a total mass o f  o rd e r  5 x 1 0 4 M 0. This estimate 
com pares  fav o u rab ly  w ith  the  disc mass as der ived  prev iously  using the  crude
L T E  analysis (i.e. 5 .5 x l0 4 M 0).
F o r  the DR21 h ig h -ve loc ity  ou tf low , the geom etry  is m odelled  by a solid 
cy linder ,  1 pc in d iam eter  and  3 pc in length , w h ich  is filled w ith  neu tra l  gas 
o f  average  density , n ( H 2) = 1 0 5 c m - 3 . F or  these conditions, an ou tf low  o f  the
specif ied  geom etry  and size would  have  a overall mass o f  1 .6x10 4 M 0. Again,
this c rude  estim ate  shows good ag reem en t  w ith  the  L T E  analysis (i.e. 1 .5x10 4 
M 0).
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C h a p te r  5
D ISC U SSIO N  O F T H E  PH Y SIC A L  S T A T E  O F  DR21 BASED O N  A N A LY SIS
O F  T H E SE  O B S E R V A T IO N S
5.1
M O R P H O L O G IC A L  ASPECTS O F DR21 IN L IG H T  OF T H E SE  A N D  O T H E R
O B SER V A TIO N S
The m orphologica l re la tionship  o f  the  shocked  H 2 to o ther  emission 
com ponen ts  o f  the  DR21 m olecular  c loud com plex  is show n in F ig .[5.1.1]. The 
con tours  o f  H C N  J = 1 -0  in tegra ted  in tens i ty  are  f ro m  M orris  et al. (1974) and 
the m ap o f 1 -m m  co n tinuum  emission is from  W erner et al. (1975). T he  bulk 
o f  the H 2 line emission at DR21 occurs on e i the r  side of, and at d istances o f
1-3 pc (equivalen t to 1-3 a rcm in , fo r  D = 3 kpc) f ro m , the  DR21 cloud core.
N o H 2 line emission is visible w ith in  the cen tra l  region, o f  radius  ~ 1 pc,
w h ere  ex trem ely  high densities ( n ( H 2) = 1 0 5 - 1 0 6 cm - 3 ) are know n  to exist
(H enkel,  Walmsley & Wilson 1980; M atsakis  e t al. 1977; Dickel et al. 1983; 
D ickel, Ho & Wright 1985; also, see Sec.[4.4] o f  this thesis). F rom  observations
o f  the  re la tive  intensities o f  the in f ra re d  B racke tt  a lpha and gam m a HI
recom bina tion  emission em anating  f ro m  the  v isually  obscured  DR21 H II region, 
R ig h in i -C o h e n ,  Simon & Y oung (1979) der ive  a visual ex tinc tion  of  A v > 100 
mag along the l in e -o f - s ig h t  tow ards this region. This redden ing  estimate 
com pares  favourab ly  w ith  the totally in d e p e n d e n t  es tim ate , as der ived  f ro m  the 
observations of  the optically th in  C 180  J = l - 0  line emission p resen ted  in 
Sec.[4.3.f]. It thus is h ighly  plausible tha t the absence  of  observable  2.12 ¿un H 2 
line emission along this d irec tion  is due  to excessive ex tinc tion  by dust grains
co n cen tra ted  w ith in  the dense cloud core.
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A spatial co rrespondence  between the ex tended  H C N  and the west lobe of  
H 2 line em ission, which is clearly ev iden t  in F ig .[5.1.1], suggests tha t  the 
sh o c k -e x c i te d  H 2 there  is associated w ith  a f i lam en t o f  dense m olecular  gas. If 
the  d is t r ib u t io n  o f  H C N  emission traces locally dense m olecular  gas ( n ( H 2) >
1 0 5 c m - 3 ), then  the spatial correla tion  w ith  H 2 line emission is not u nexpec ted  
as the in tens i ty  o f  the S ( l)  line in a shock excita tion  m odel scales l inearly  with  
the  p re - s h o c k  am b ien t  gas density. Two simple il lustra tive examples o f  suitable 
geom etries  are  (i) tha t  the  H C N  emission defines  a dense bar  or r idge  of
com pressed  m olecu la r  gas upon  w hich  supersonic  gas motions im pinge; a 
d ynam ica l  in te rac t io n  be tw een  the  the ne ighbouring  DR21 and W75N m olecular  
clouds m ay ta ilor such a density  s t ru c tu re  and s im ultaneously  susta in  the 
requ is i te  superson ic  gas motions and , (ii) th a t  the  H C N  emission co inc iden t  w ith  
the  w est lobe o f  H 2 line emission m ay arise f ro m  a dense, som ew hat e longated , 
shell o f  com pressed  m olecular  gas sw ept up  by an energetic  ou tf low  orig inating  
f ro m  w ith in  the  DR21 cloud core. Indeed , the low resolution H C N  m ap shows 
no tab le  m orpho log ica l  sim ilarity  to the  h ig h -an g u la r  resolu tion  CS maps
p resen ted  in  Sec.[4.4], w h ich  it is con tended  delineate  the spatial d is tr ib u t io n  of 
com pressed  a m b ie n t  gas at the  boun d ary  o f  an ex trem ely  collim ated m olecular  
ou tf low .
A b so rp t io n  in  m olecular  lines along the l in e -o f - s ig h t  to the  cen tre  and 
eastern  portions of  the  DR21 cloud core has prev iously  been  observed  in N H 3 
by  M atsak is  et al. (1981), in H 2CO by  Fors te r  et al. (1981), Dickel et al. 
(1983), and H C N  by Dickel et al. (1985). Thus, fo reg ro u n d  absorp tion  of
m olecu la r  line emission may play a large pa r t  in expla in ing  the ap p a ren t  
absence  o f  H C N  emission co inc iden t w ith  the  eastern  lobe of  H 2 line emission. 




























































































in CS em ission (see, F igs.[4.4.1] & [4.4.2]), w hich  was fo u n d  to su f fe r  little if 
any  se lf -a b so rp t io n ,  it is still conceivable tha t there  exists a real density  
g rad ien t  across the face o f  this region, w ith  m ost o f  the dense gas being 
located  p r im ar i ly  to the west o f  the DR21 cloud core.
U sing  the H a t-C re e k  m il l im e te r -w ave  in te r fe ro m e te r ,  Dickel et al. (1985) 
have m ap p ed  the spatial and velocity d is tr ibu tion  o f  FTCN emission over  a 1 
a rcm in  reg ion  cen tred  on the DR21 HII region w ith  a synthesized beam 
d iam e te r  o f  15 arcsec. T hey  f ind  that, w ith in  the ir  lim ited field of  v iew , the 
H C N  em ission originates f ro m  an isolated c lum p displaced ap p rox im ate ly  20 
arcsec to the sou thw est o f  the com pact DR21 Fill region. As the peak o f  H C N  
em ission, m easu red  by Dickel et al., is located at roughly  the same position  as 
the  p eak  o f  in teg ra ted  CS J = 2 - l  emission presen ted  in this w ork  (F ig .[4.4.2]), i t  
is h igh ly  p robab le  th a t  these two density  sensitive emissions arise f ro m  the same 
co n d en sa t io n  o f  dense gas w ith  n ( H 2) > 1 0 5 c m - 3 . Dickel et al. suggest tha t  
this c lum p , w h ich  is slightly  b luesh if ted  (V jsr = -5  k m s- 1 ) w ith  respec t  to the  
DR.21 system ic  velocity  (Visr = -2.5  k m s“ 1), m ay be fo reg round  m ater ia l  
com pressed  by  the expand ing  H II region ow ing  to the  a p p a ren t  absence  o f  a 
co rresp o n d in g  red sh if ted  H C N  emission com ponen t.  A n  im p o r tan t  conclusion 
d ra w n  f ro m  this observation  is tha t  the com pact  H II  region m ay be located on 
the  backside  o f  the DR21 m olecular  cloud, tak ing  the  fo rm  of a young b lister 
H II  reg ion  (T enor io -T ag le  1979) w hich  is ion iza tion  bounded  to the  west and 
f r e e ly -e x p a n d in g  away f rom  us and to the east. T he  proposed  blister m ophology  
is fu r th e r  su p p o r ted  by the appearance  of  the h ig h -a n g u la r  reso lu tion  radio 
c o n t in u u m  maps o f  the DR21 HII region (F ig .[5.1.2]) w hich  show a sudden  
c u t - o f f  in  emission at the w estern  boundary  ( ion iza t io n -b o u n d ed ) ,  w ith  a m uch  
m ore  gradua l decrease in  emission to the east (den s i ty -b o u n d ed ) .
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A t 1 -m m  w avelengths the DR21 region shows two em ission peaks o f  
com p arab le  b r igh tness  at the positions o f  DR21 and W75S and a low er surface  
b r igh tness  e x ten d ed  com ponen t w hich  jo ins  the peaks and also ex tends  several 
a rcm in  to the no r th  of  W75S. T he  1 -m m  co n tinuum  em ission, w hich  is 
p r im ar i ly  due  to therm al emission f rom  cold dust grains d irec tly  associated  with 
the m olecu la r  gas w ith in  the cloud cores, shows no ev idence o f  any  spatial 
co rre la t ion  w ith  the d is tr ibu tion  o f  H 2 line emission. In par t icu la r ,  the western 
e longa tion  so clearly  ev iden t  in H C N , CS, CO and H 2 line emission is 
com ple te ly  absen t in the 1 -m m  con t in u u m  m ap, w hich  in tu itive ly  suggests that 
this co m p o n en t  is m ore  p robab ly  a hollow w in d -sw e p t  shell ra the r  than  a solid 
ex tension  to the  m o lecu la r -c loud  core itself. T he  absence o f  secondary  
c o n t in u u m  peaks, fu r th e r  suggests th a t  the  ex tended , sh o ck -ex c i ted  H 2 emission 
is po w ered  by  a single cen tra l  source, ra th e r  th an  a string of  se lf - lu m in o u s  
sources sp read  ou t over the ou tf low  lobes.
T h e rm a l  c o n t in u u m  observations, f ro m  2.2 - 300 ¡im, recently  pub lished  by 
H arv ey  et al. (1986), clearly show tha t  the DR21 HII region is the  b righ tes t  
f a r - in f r a r e d  source  in  the DR21/W 75S complex. O ne o f  the m ost s tr ik ing  results 
d e r ived  f ro m  there  observations is the  m uch  g rea ter  E -W  than  N -S  ex ten t  of 
the  DR21 source  together w ith  the  e levated  te m p era tu re  to the east and  possibly 
to the w est o f  the  m ain  lum inosity  peak. C onversely , the optical d e p th  m ap 
shows a reg ion  o f  h igher  dust co lum n  density  elongated  N -S . These  authors 
suggest th a t  these asym m eries may be re la ted  to the  DR21 ou tf low  p h en o m en o n ,  
in  w h ich  case the  h igher  dust tem pera tu res  m ay  rep resen t  an area  o f  enhanced  
deposit ion  of  m echanical energy  due  to d issipation at a shock fron t;  the  spatial 
co rre la t ion  o f  w a rm  dust and  strong H 2 line emission certa in ly  favours  shuch  a 
scenario . M oreover ,  the  N -S  elongation o f  enhanced  dust colum n density  exhibits  
the  co rrec t  o rien ta tion  i f  this ridge  of  dense m ateria l  w ere  to ac t as a
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collim ator fo r  the p red o m in an t ly  E -W  orien ted  m olecular  flows and , indeed, 
most p ro b ab ly  orig inates  f ro m  the same e d g e -o n  disc th a t  is so clearly  revealed 
by the  maps o f  CS line emission p resented  in Sec.[4.4], T he  20 /un and 2 /mi 
c o n t in u u m  emission show a b road  resem blance  to the 5 G h z  radio  con tinuum  
m ap  of H arr is  (1973), a result tha t  is com m only  found  in regions w here  the 
n e a r - in f r a r e d  emission arises prim ari ly  f rom  hot dus t  grains m ixed with the 
ionzed gas o f  an HII region. T here  exist, how ever ,  s ign if ican t  sm all-scale
d issim ilarities be tw een  the in f ra red  and radio con t in u u m  maps which  indicate 
the p resence  o f  grad ien ts  in ex tinc tion  be tw een  the ind iv idua l  c o n t in u u m  sources 
in the DR21 com plex , as p reviously  suggested by the in te r fe ro m e tr ic  H 2CO 
observations o f  Dickel et al. (1983) and the d is tr ibu tion  o f  Brackett  alpha
hydrogen  reco m b in a t io n  line emission, m apped  by  R ig h in i -C o h e n ,  Simon & 
Y oung (1979). In  par t icu la r ,  H arvey  et al. f in d  a peak  20 /mi optical dep th  
w hich  lies close to H arr is ’s rad io  source C (F ig .[5 .1.3]).
O ne o f  the  m ain  goals o f  this w ork  is to investigate  the orig in  o f  the 
com plex  dynam ica l  behav iou r  tha t  gives rise to m any  o f  the observable 
peculiarit ies  o f  the  DR21 s ta r - fo rm a t io n  region. O f p r im e im por tance  to the
success of  th is  task is an accura te  m easu rem en t o f  the position  o f  strongest
h ig h -v e lo c i ty  CO emission and  its re la tion  to the  spatia l d is tr ibu tion  of  the 
m any  o the r  emission com ponents  w ith in  this com plex  region. Accord ingly , 
Fig.[5.1.3] shows the  best estim ate  fo r  the  posi t ion  fo r  the spatially  unresloved 
source  o f  the  h ig h -v e lo c i ty  CO em ission, as p resen ted  in  Sec.[4.3), superposed  on 
the  con tours  o f  2 cm rad io  con t in u u m  emission, as p resen ted  by Dickel et al. 
(1986). Also show n are the positions of  the 20 /mi con t in u u m  peaks (H arvey  et 
al. 1986) and  the  DR21 H 20  m aser source d iscovered  by Canto  et al. (1975). 
Within the  po in ting  errors o f  the m i l l im e te r -w av e  observations, the  position at 




FIGURE 5.1.3 : The circle shows our best estimate for the location of the
central high-velocity CO outflow source (i.e. position where the broadest 
CO lines are observed). The contours are of 2cm radio continuum emission 
and are taken from Dickel et al (1986) and the large crosses are the 
positions of the 20 pm infrared continuum peaks as observed by (Harvey et 
al 1986). The DR21 H^O maser source lies within our error circle as also 
do the radio components A and C (Harris 1976).
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c o n t in u u m  peak , te rm ed  co m p o n en t  C by  H arris  (1973), and the H 20  maser
source , b u t  is not associated w ith  any of  the 20 urn co n tinuum  p e a k s . T igh te r
constra in ts  on the  exact location o f  the central engine tha t  drives  the
h ig h -v e lo c i ty  ou tf low s m ay be ob ta ined  in the near  fu tu re  th ro u g h  the use o f  
h ig h e r -a n g u la r  resolu tion  in te r fe ro m e tr ic  m il l im e te r-w av e  observations.
5.2
A C O M P A R IS O N  O F T H E  I N F R A R E D  H : O BSER V A TIO N S WITH SH O CK
M O D ELS
T he n o n - L T E  m a g n e to -h y d ro d y n a m ic  models o f  D raine , R oberge  & Dalgarno 
(1983), fo r  a p lane shock f ro n t  o r ien ted  pe rp en d icu la r  to the line o f  sight, 
p red ic t  th a t  fo r  p re -sh o c k  densities  o f  n 0 = 104 c m -3  and fo r  p re -sh o ck  
m agnetic  fie lds  of  50-100  fig the  d e red d en ed  peak  in tensity  in the v = l - 0  S(l)  
line can  be p ro d u ced  by shock velocities in  the range  30-50 k m s " 1. As the 
p re - s h o c k  density  rises to 1 0 6 c m " 3, thus b r ing ing  the re la tive level populations 
close to the rm al eq u il ib r ium , the requ ired  shock velocities fall to 20 k m s -1 and 
below. T h e  limits im posed by the d e red d en ed  line intensities and observed range
in velocity  w id th ,  f rom  25 k m s " 1 to g reater  than  50 k m s " 1 (Table[4.2.2]), thus
im ply  a co rrespond ing  large range in  p re -sh o c k  densities, i.e. 104 < n 0 < 1 0 B
c m " 3. T h e  u p p e r  lim it  to this p red ic ted  density  range, which  is considerab ly  
h ig h er  than  expec ted  at rad ii  f ro m  the cloud core where  the bulk  o f  the  H 2 
line emission is observed , can be re laxed  som ew hat i f  more than  one shock 
f ro n t  co n tr ibu tes  to the  emission along the l in e -o f - s ig h t  and if  some o f  the
shocks are  observed  ed g e -o n  ra th e r  th an  fa c e -o n  as assumed in the  model 
calculations. I f  such a broad  d is tr ibu tion  in density  does exist w ith in  the
shocked  gas, then  it  is m ost readily  accom odated  if  the  ou tf low  is inheren tly
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c lu m p y  on scales sm aller  than  the beam  size (= 0.2 pc fo r  D = 3 kpc), as is 
discussed fu r th e r  in Sec.[5.4],
As a l luded  to above, the  m ag n e to -h y d ro d y n am ic  shock models are also 
ex trem ely  sensitive to the local m agnetic  f lux  density ,  w hich  un d er  conditions of 
f lu x  freez ing ,  varies w ith  the  local gas density . In this respect,  the absence of 
quan t i ta t iv e  m easu rem en ts  o f  m agnetic  field param eters  w ith in  optically  obscured  
m olecu la r  clouds pose a fu n d a m e n ta l  uncerta in ty  in the link be tw een  observation 
and theory .
T h e  velocity  w id ths  o f  the H 2 line profiles m ust be viewed with  caution
w h en  es t im ating  the  in tr in s ic  f low  velocities, because the  large ex ten t  and 
degree  o f  co llim ation  o f  the  DR21 H 2 em iss ion-l ine  source suggests tha t the
d irec t ion  o f  p ro p o g a t io n  o f  the ou tf low  w hich  stimulates the shocked H 2 
em ission m ay  be  ro ta ted  th ro u g h  a large angle w ith  respect to the line of  sight. 
In d eed ,  o u tf low  velocities in  the  shocked  m olecular  gas of > 150 k m s-1 are 
p red ic ted  i f  the  angle is large and the f low  is well collimated. H ow ever,  the
a p p a re n t  absence  o f  a s ig n if ican t  ionized gas com ponen t co inc iden t w ith  the 
shocked  m ate r ia l  in  the H 2 lobes (note  tha t  in Fig.[4.2.5] fa in t  B racke tt  gamma 
is observed  at  th e  east p eak  o f  H 2 line emission b u t  is p robab ly  associated with 
the  d if fu se  c o m p o n e n t  o f  the  DR21 HII region ra the r  than  shock ionization) 
p rec ludes th e  ex is tence  of  shock velocities m u ch  grea ter  th an  100 km s- 1 , as 
u n d e r  such cond itions  po s t-sh o ck  tem pera tu res  are  typically , T s > 1 0 5 K , and 
ion iza tion  o f  m ater ia l ,  bo th  ups tream  and dow nstream  of the the shock fro n t ,  is 
inevitable . I f  the  gas now  seen in H 2 emission was en tire ly  ionized at some
earlie r  stage in its passage th ro u g h  the shock f ro n t  (this being an u p p e r  lim it to 
the in tens i ty  o f  reco m b in a t io n  line emission), then  the ratio o f  B racke tt  gam m a 
to S(l)  in tensities  can be readily  calculated f rom  sim ple timescale argum ents  and
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is on the  o rd e r  o f  1/10. T he  observed upper  lim it to this ratio at the  peaks of  
em ission in the H 2 lobes is only 1/20 (2 sigma) and suggests tha t shock 
ion iza tion  in the  DR21 H 2 je ts  is o f  m inor im portance .
It is im p ro b ab le  th a t  the H 2 emission can derive  solely from  h ig h -v e lo c i ty  
(Vs > 50 k m s " 1) d issociative J - ty p e  shocks (viz. Sec.[3.2]) as m uch o f the total 
em ission f ro m  the shock is rad ia ted  in the optical and  ultrav io le t  as the 
p o s t - sh o c k  gas cools f ro m  1 0 5- 5 x l 0 3 K  and the H 2 cooling is suppressed 
because  re fo rm a t io n  is not com plete  at T  > 1000 K  (typically  X ( H 2) « 0.01 at 
T  = 2000 K ). Also, at high densities, i.e. n ( H 2) > 1 0 7 c m - 3 , radiative cooling 
via H 20  line em ission becom es im p o r tan t  and can dra in  a s ign if ican t  f rac t io n  of  
the  th e rm a l  energy  f ro m  the p o s t-shock  gas. T he  m ost sophis ticated  J - ty p e  
shock  m odels  available  at p resen t  p red ic t  an in tensity  fo r  the S(l)  line tha t  is 
ro u g h ly  1 /10  o f  tha t  p ro d u ced  by a non-d issoc ia t ive  C - ty p e  shock, fo r  the  same 
p re - s h o c k  d ens ity  and shock velocity  (M cK ee , C h e rn o f f  & H ollenbach  1984).
A lth o u g h  it is d i f f ic u l t  to p roduce  the observed strong emission in  the S(l)  
line core  by  sim ple J - ty p e  shocks, it is still possible th a t  fast shocks may 
co n tr ib u te  to the emission in  the  w eaker  h ig h -v e lo c i ty  wings of the  observed 
H 2 line profiles. F u r th e rm o re ,  as it  is th o u g h t  th a t  the  newly fo rm ed  H 2 
m olecules in  th e  cooling regions beh ind  a dissociative shock lie in h ig h ly -ex c i ted  
v ib ra t iona l  levels (i.e. v=5; D uley  & Williams 1986), the subsequen t  cascade 
d ow n  th ro u g h  low er v ib ra t iona l  levels m ay give rise to an emission spec trum  
w hich  closely resem bles tha t o f  u ltrav io le t  f luorescence. A consequence o f  the 
J - ty p e  shock  m odel is th e re fo re  tha t  the H 2 excita tion  m ay d if fe r  substantia lly  
be tw een  the  line core (therm al)  and and the h ig h -v e lo c i ty  wings (no n - th e rm al) .  
A com p ara t iv e  s tudy  o f  v = l - 0  and v = 2 - l  profiles thus m ay provide  a sensitive 
test fo r  the  ex is tence  o f  dissociative shocks, w hich , i f  p resen t,  should  be
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id e n t i f ie d  by  an increase in the v = 2 - l / v = l - 0  in tens i ty  ra tio  w ith  increasing  
velocity  d isp lacem en t f ro m  the line core. Th is  test, how ever ,  is o f  a suggestive 
na tu re  only as the details o f  the  excita tion  process fo llow ing H 2 re fo rm a t io n  in 
the cooling flows o f  fa s t  shocks are poorly  unders tood  at p resent.
In m y op in ion , a m ore  likely solution to the  h ig h -v e lo c i ty  H 2 emission 
p ro b lem , f i r s t  suggested to accoun t for  the h igh velocity  H 2 observed  in Orion 
(C heva lie r  1980; N adeau ,  G eballe  & N eugebauer  1982), is tha t the h ig h -v e lo c i ty  
em ission arises f ro m  shocked  cloudlets o f  dense m olecular  m a ter ia l  moving 
o u tw ard s  w ith  velocities com parab le  to the f low  velocity. T h e  intense 
lo w -v e lo c i ty  emission w ould  then  orig inate  in am bien t  m olecular m ateria l  that 
has been  shocked  and  sw ept up to fo rm  a dense, slowly m oving shell bo rde r ing  
th e  expansion  reg ion , while  the fa in te r  h ig h -v e lo c i ty  emission comes f ro m  
n o n -d is so c ia t iv e  shocks propaga ting  w ith in  the  fast  m oving  clumps. T h e  clumps 
can  e i the r  be p re -e x is t in g  condensations th a t  have  been  ra m -p re ssu re  accelera ted  
by the  f low , or, a lte rna tive ly ,  m ay result f ro m  e n tra in m en t  o f  m ater ia l  due  to 
the  g row th  o f  f lu id -d y n a m ic a l  instabilities a t the  f lo w /c lo u d  b o u n d a ry .  T he  
ex is tence  o f  a c lu m p y  m ed iu m  is fu r th e r  suggested by the low beam  filling 
fac to rs  obse rved  in  the  h ig h -v e lo c i ty  portions o f  the CO and  CS m il l im e te r - l in e  
pro f iles ,  p resen ted  in  Secs.[4.3] & [4.4], and  discussed fu r th e r  in  Sec.[5.4],
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5.3
C O N S O L ID A T IO N  O F T H E  H IG H -V E L O C IT Y  CO. CS A N D  
S H O C K -E X C IT E D  H : O B SER V A TIO N S
5.3.(a) A C O M P A R IS O N  O F T H E  M O R P H O L O G IC A L  S T R U C T U R E
As bo th  the  m ill im e te r-w av e  CO J = l - 0  and CS J = 2 - l  and the in f ra red  H 2 
spec troscop ic  m apping  were conducted  using in s trum enta l  beams o f  com parab le  
size (15-20  arcsec), a d irec t  com parison  o f  the  m orphologies  p resen ted  by  these 
d i f f e r e n t  m easu rem en ts  is s tra igh tfo rw ard .
O verlays o f  the  H IG H -R E D  and H IG H -B L U E  CO J= 1 -0  in tegra ted  in tensity  
con tours  (F ig .[4.3.7]) on the DR21 H 2 v = l - 0  S(I) em iss ion-l ine  m ap  are show n 
in Figs.[5.3.1] & [5.3.2], respectively. T he  most s ign if ican t  result de r iv ed  f rom  
this com parison  is tha t a l though  the CO and  H  2 emission are  obviously  re la ted  
in the ir  overall d is tr ibu tion , bo th  exh ib it ing  b ipo lar , j e t - l ik e  s truc tu res  o f  
c lum py  em ission or ien ted  along a com m on N E -SW  m ajo r  axis, a m ore  detailed  
analysis reveals  a s trik ing an tico rre la t ion  in the  spatial d is tr ibu tion  o f  the 
respec tive  em ission peaks. Such a spatial an tico rre la t ion  is no t to ta lly  u n ex p ec ted  
as the  physica l conditions requis ite  fo r  the  excita t ion  of  these two emissions are 
rad ica lly  d i f fe ren t ;  the  ro tational CO emission arises p r im ari ly  from  a re la tively  
cool (Tjj < 100 K ) and d iffu se  m ed ium  ( n ( H 2) < 1 0 3 c m - 3 ), w hilst,  collisional 
exc ita t ion  o f  the v ibra tional levels o f  the H 2 molecule  can take place only  in  a 
dense and  ho t gas ( n ( H 2) > 1 0 5 c m - 3 , T ^  = 2000 K). The close association 
b e tw een  the  CO and H 2 emissions the re fo re  indicates the  p resence  o f  an 
ex trem ely  broad  spec trum  of physical conditions  w ith in  the  m olecu la r  gas 
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T he d i f f e re n t  gas phases do no t ap p ea r  to be m ixed  bu t or ig ina te  at 
d i f fe re n t  locations along the flow. In pa r t icu la r ,  at the b lu e - sh i f te d  (west) 
ou tf lo w  lobe, the peak o f  H IG H -B L U E  CO emission is located closer to the 
ou tf low  orig in  than  the co rrespond ing  H  2 peak; this geom etry  suggests tha t  the 
CO em ission m ay arise f rom  a shell o f  s w e p t -u p ,  po s t-sh o ck  gas w h ich  has had 
su f f ic ien t  t im e  to cool, via strong line rad ia t ion , to tem pera tu res  charac ter is t ic  
o f  the CO excita tion  (< 50 K). The spatial an tico rre la t ion  be tw een  the H 2 and 
CO em ission is thus expla ined  i f  the v ib ra t iona l  H 2 emission orig inates f ro m  an 
ex trem ely  th in  layer o f  hot gas im m ed ia te ly  fo llow ing  a strong shock , whilst, 
the CO em ission arises f ro m  a th icker  layer o f  cooler gas located fu r th e r  dow n 
s tream  f ro m  the shock front. A cco rd ing  to this scenario , the peaks of  
h ig h -v e lo c i ty  CO emission are expec ted  to be positioned  ad jacen t  to the H 2 
em ission peaks and  on the side closer to the ou tf low  source. Such a spatial 
d isp lacem en t o f  h ig h -v e lo c i ty  CO and  shocked  H 2 emission has recen tly  been 
rep o r ted  in association w ith  the w e l l -s tu d ied  O rion  ou tf low  source (Hasegawa, 
un p u b lish ed  data) , w here ,  s im ilar to the  s itua tion  fo u n d  here , the  CO emission 
is located closer to the proposed o u tf low  source than  the H 2 emission. It 
appears ,  the re fo re ,  tha t the  DR21 m olecu la r  je ts  m ay consist o f  a succession of 
com pression  and ra re fac tion  waves, as t raced  by  the shocked H 2 and 
h ig h -v e lo c i ty  CO emission, respectively . F o r  a detailed  discussion o f  various 
models w h ich  m ay aid in explain ing the  dynam ica l  orig in  of  such a sequence  of 
physica l conditions ,  the reader  is re fe red  to Sec.[6.5] o f  this thesis.
Fig.[5.3.3] show an overlay  of  the  CS J= 1-0 peak  an tenna  tem p era tu re  
contours  on those of  the DR21 in f ra re d  H 2 v = l - 0  S ( l)  line emission. This 
f ig u re  c learly  shows tha t  the  dense CS tem p era tu re  r idge, p rev iously  iden tif ied  
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o f  sh o c k -e x c i te d  H 2 emission. F u r th e rm o re ,  the disc is appa ren t ly  o r ien ted  w ith
its p lane  aligned almost pe rp en d icu la r  to the E -W  axis o f  the m ain  DR21
outf low ; this is a well know n  characreristic  of  discs w hich  aid in the p ropuls ion
Lade*
and  co llim ation  o f  b ipolar  outf low s (Betty' 1986 and  re fe rences  there in) .
T h e  spatia l  re la tionship  of  the ex tended  CS emission w ith  the shocked  H 2 
je ts  is best d isplayed by the d is tr ibu tion  of  CS J = 2 - l  in teg ra ted  em ission, as 
show n  in F ig .[5.3.4], This  corre la tion  p robab ly  results  f ro m  the observa tion  that 
the  CS J = 2 - l  emission is particu la rily  sensitive to the p resence  o f  b road  lines 
w ith  h ig h -v e lo c i ty  wings, which  ough t to be p resen t  if the dense  gas is 
p a r t ic ip a t in g  in the outflow.
A lth o u g h  the overall d is tr ibu tion  o f  d if fu se  CS J = 2 - l  em ission closely 
fo llows the  ru n  of  shocked H 2 emission, it  is in teresting  to note tha t  the 
positions o f  peak  in teg ra ted  CS emission in the  ou tf low  lobes are s ign if ican tly  
d isp laced  w ith  respec t  to the  positions o f  peak  H 2 and CO line emission. The 
m a in  CS peaks appear  to lie at the  boundaries  o f  the h ig h -v e lo c i ty  f low s, as 
t raced  by  the  H 2 and h ig h -v e lo c i ty  CO emission. This com parison  th e re fo re  
suggests a scenario  in  w h ich  the  ex tended  CS em ission associated w ith  the DR21 
ou tf lo w  lobes originates f ro m  two quite  d i f f e re n t  dynam ica l  com ponen ts  (see the 
discussion  o f  the H 2 line profiles in Sec.[5.2]), nam ely; (i) fa s t -m o v in g  clum ps 
of dense  gas tha t are m ixed in w ith  the h ig h -v e lo c i ty  ou tf low  itself, and (ii) a 
s lo w er-m o v in g  shell o f  s w e p t-u p  com pressed  am b ien t  gas tha t  bo rders  the  
h ig h -v e lo c i ty  flow. T h e  fa s t -m o v in g  dense c lum ps thus give rise to the  d if fu se ,  
lo w - in te n s i ty  CS emission th a t  is seen to be spatially  co rre la ted  w ith  the 
h ig h -v e lo c i ty  ou tf low  lobes whilst the large co lum n density  of  com pressed  gas 
associated  w ith  the w in d -sw e p t  shell gives rise to the  in tense CS emission peaks. 
























































































































































































































































































































dense r  CS c lum ps may cause glancing reflections, w hich  change the d irec t ion  of  
p rop ag a t io n  o f  the flow , thereby  explain ing a dynam ical origin for  several of
the  k inks an d  wiggles w hich  charac terize  the H 2 jets. Indeed , the CS clum ps, 
w h ich  m ay be p re -ex is t in g  entities , are consistently  located ahead o f  the 
positions w ere  the H 2 je ts  show m ax im um  deflec tion , ju s t  as expec ted  if these 
dense  c lum ps im peed  the radial motion of  the ou tf low  gas.
5 .3 .(b) A C O M P A R IS O N  T H E  T H E  PH Y SICA L P R O P E R T IE S
Table  [5.2.1] gives an overall sum m ary  o f  the  various physical param eters  
th a t  cha rac te r ize  the  DR21 ou tflow  and proposed disc, as derived  using the 
observations p resen ted  in C h ap te r  4 o f  this thesis. In general,  the H 2 and 
h ig h -v e lo c i ty  CO emission p rov ide  the  best available p robes of  the energetics of  
the  o u tf low  gas w hile  the  CS emission provides a b e t te r  p ro b e  of  the denser gas 
th a t  fo rm s the  disc and  the com pressed  gas located at the  in te rface  be tw een  the  
o u tf lo w  a n d  the am bien t  m olecular  cloud. F o r  the ou tf low  com ponen t,  it  is 
fo u n d  tha t  the  s w e p t-u p ,  s low er-m ov ing  gas (CS observations) con tr ibu tes  to
m ost o f  the  mass and to rough ly  o n e -h a l f  o f  the total k ine tic  energy  o f  the
ou tf low , the  o the r  ha lf  being stored  w ith in  the h ig h es t-v e lo c i ty  ou tf low  m ateria l
itse lf  (CO observations). T he  der ived  mass o f  sh o ck -ex c i ted  H 2 gas constitu tes
only  a very  small o f  the total o u tf low  mass (< 0.1%) and  the re fo re
has no d irec t  dynam ical in f luence  on the ou tf low  energetics. As tim e evolves it 
is expec t  th a t  m ore  and  m ore of  the  m o m en tu m  in the  h ig h -v e lo c i ty  ou tf low  
will be im p a r ted  to the sw e p t-u p  am bien t  cloud m atte r ,  thus, inev itab ly  leading 
to f u r th e r  deceleration  of  the  ou tf low . Indeed , the  large mass observed  in 
s w e p t -u p  gas at presen t (> 104 M 0) entails at least 1/5 o f  the  der ived  mass fo r  
the  en tire  DR21 m olecular  cloud; this suggests tha t  the  DR21 flow  is a lready  o f
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TABLE 5 . 2 . 1
A COMPARISON OF THE PHYSICAL PARAMETERS DERIVED FROM THE INFRARED AND
MILLIMETER-WAYE OBSERVATIONS.
1 . 2 .
PARAMETER CO CS
N ( H 2 )disc 2.0(23) 1.0(24) - 2cm
N ( H 2 )hvf 5.0(22) 3.0(23) cm " 2
M ( H 2 )disc 1.0(4) 5.5(4) M 0
M ( H 2)hvf 2.0(3) 1.5(4) Mo
M ( H 2 )jivf 0.04 0.2 M 0 y r ' 1
Phvf 4.0(42) 1.0(43) g cm s'
E hvf 3.3(48) 3.8(48) erg
^hvf 2.5(30) 6.3(30) g cm s
Lhvf 540 660 L 0
4.
M ( H 2 )hot





0.3 M0 yr'1 
1800 L0 
2(5) L0 
2. 6 (28 ) g cm s' 2
1. : X(CO) = 10'4 and Tx (CO) = 40 K
2. : X(CS) = 10'9 and TX (CS) = 20 K
3. : dynamical timescale, t<j(CO) = 2pc/35kms'1 = 5xl04 yr
td(H2) = Spc/OOkms'1 = 5xl04 yr
4. : lifetime of hot H2 = tj10t « 1 yr.
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considerab le  age.
A lthough  the bulk of  the mass com posing the ou tf low  gas is m ost p robab ly  
d e r iv ed  f ro m  the e n tra in m en t  and  sweeping up o f  am b ien t  cloud m ater ia l ,  an as 
yet u n d e f in e d  portion  o f  the h ig h -ve loc ity  CO emission will, how ever ,  arise 
d irec tly  f ro m  the m olecular  gas fo rm in g  the h ig h -v e lo c i ty  w ind  itself. With 
s u f f ic ie n t  angu lar  and spectral resolution it  should th e re fo re  be possible to 
isolate the  s w e p t-u p  am bien t  gas f ro m  the m olecular  w ind  w h ich  prov ides  the 
m o m e n tu m  to drive  the shocks. As will be discussed in Sec.[6.4.c], this 
d is t inc t ion  is ex trem ely  im por tan t  i f  one hopes to gain a b e tte r  u n d e rs tan d in g  of 
the physical na tu re  o f  the cen tra l  mass-loss m echanism
O ne o f  the  main, goals o f  this w ork  is to test w h e th e r  the h ig h -v e lo c i ty  CO
em ission in  the DR21 m olecular  outf low s is tru ly  a trace r  o f  the  p o s t-sh o ck  gas 
b e h in d  the  ho t shocks th a t  give rise to the  anom alously  lum inous  H 2 line 
em ission. As po in ted  out by B eckw ith  (1980) and  la ter discussed by  F ischer  et 
al. (1985), i f  the  sho ck -ex c i ted  H 2 line rad ia t ion  accounts  fo r  m ost o f  the  
p o s t- sh o c k  cooling in  an iso therm al shock th en  the ra te  a t w h ich  energy  is 
rad ia ted  in  these lines is expec ted  to be abou t equal to the  ra te  a t w h ich  bu lk  
k ine tic  ene rgy  is deposited into the po s t-sh o ck  gas. Thus , assum ing  constan t 
ou tf lo w  velocities over the  f low  life t im e , one w ou ld  expec t  tha t ,  E ^ y f / t j  = L m
= L ( H 2), w h ere  t^  is the  ou tf low  l ife tim e, L ( H 2) is the  total lum inosity  in  all
H 2 cooling lines, and L m  is the f low  m echan ica l lum inosity  as g iven in 
Table[5.2.1], F o r  the case o f  the DR21 ou tf low , it is fo u n d  tha t  the  total 
d e re d d e n e d  H 2 lum inosity  in  the sho ck -ex c i ted  je ts  is a fa c to r  o f  2 to 3 
g rea te r  than  the m echanical lum inosity  in the  f low  as estim ated f ro m  the 
h ig h -v e lo c i ty  CO emission. This con trad ic t ion  m ay  resu lt  f ro m  th ree  causes, 
n am ely , (i) the  dereddened  H 2 lum inosities  m ay be too h igh  due to an
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overes t im a te  o f  the  2.12 /¿m extinc tion , (ii) the  CO em ission m ay no t p robe  the 
en tire  mass o f  p o s t-shock  gas and (iii) the crude  estim ate  o f  the f low  life tim e 
m ay be too large. A lth o u g h  it is d if f icu l t  to d i f fe re n t ia te  be tw een  these various 
options it is p robab ly  sim plest to contend  tha t  a so lution to this p ro b lem  lies in 
an overes tim ate  o f  the  f low  lifetime. If, as is h ighly  likely, the  f low  has 
dece le ra ted  w ith  age, then  the m ean  outflow  velocity  w ould  be larger  than 
observed  at present; this would  then  reduce  the f low  life t im e , resu lting  in a 
co rrespond ing  increase in  the m echanical lum inosity . A fac to r  o f  2 to 3 
red u c t io n  in the ou tf low  age (i.e. t^  «  104 yr) is requ ired  in o rd e r  to balance 
the  iso therm al shock conditions.
F inally ,  it is in te res t ing  to com pare  the  total lum inosity  rad ia ted  in 
sh o ck -ex c i ted  H 2 line emission w ith  the bo lom etr ic  lum inosity  of  the  DR21 
s ta r - fo rm in g  region, as the ratio o f  these two quantités  can be used to
param ete rize  the re la tive  im portance  o f  shock hea t in g /co o l in g  to the overall 
energy  budget. F o r  the DR21 ou tf low  source, a lum inosity  ratio , L ( H 2) /L *  ^
0.01, is calcu la ted , w h ich  is com parab le  to th a t  der ived  p rev iously  fo r  the 
analogous ou tf low  sources associated w ith  the N G C  2071 (Bally & L ane 1985) 
and  O rion  (Beckw ith  1983) s ta r - fo rm in g  regions. A lth o u g h  the e f f ic ien cy  of
genera tion  o f  strong H 2 line emission depends c r it ica lly  on the  pa r t icu la r  stage 
of  evo lu tion  o f  the ou tf low  system u n d e r  s tudy  (see, Sec.[6.4.c]) and  also on the 
physical com position  of  the  cloud e n v iro n m en t  in  w h ich  it  is em bedded ,
em pir ica lly ,  it  appears tha t  fo r  an  ou tf low  system in its m ost ac tive  stage, a 
good guess as to the  u p p e r  l im it o f  the  lum inosity  in  shocked  H 2 line emission 
is ~ 1% o f  the  bo lom etric  lum inosity  o f  the cen tra l  source.
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5.4
5.4.(a) A T H E O R E T IC A L  PE R S P E C T IV E
Considerab le  ev idence  has accum ula ted  f ro m  our in f ra re d  and 
m i l l im e te r -w av e  observations tha t  the  dense m olecu la r  gas par t ic ip a t in g  in the 
DR21 ouflow  m ay be inhom ogeneous in  density  and  possess com plex  velocity  
s t ruc tu re .  In par t icu la r ,  the small beam  filling  factors, /  < 0.1, charac ter is t ic  of 
the em ission in the h ig h -v e lo c i ty  portions o f  the  CO and CS profiles as well as 
the ex trem ely  broad  wings charac ter is t ic  to several o f  the sh o ck -ex c i ted  H 2 line 
p ro files  are  best exp la ined  i f  the emission orig inates f ro m  an ensem ble  o f  
rap id ly  m oving , dense c lum ps w ith  d im ensions considerab ly  sm aller  than  the 
beam  diam eter .  Several au thors  have a t tem p ted  to investgate  the effec ts  of 
c lum ping  upon  observed  line pro f iles ,  the  m ost notab le  being the  works of 
N o rm an  & Silk (1980), M ar t in  et al. (1985) and R ichardson  et al. (1986). In this 
section , several aspects o f  these m odels, in co n ju n c t io n  w ith  the  em pirical 
constra in ts  derived  f ro m  the  observations p resen ted  in C h ap te r  4, will be 
em ployed  in  o rd e r  to de te rm in e  the range  o f  physical conditions th a t  exist 
w ith in  the  c lum py  m ed iu m  th a t  consitu tes  the  DR21 outflows.
In  the fo llow ing analysis, it is assum ed th a t  the  basic charac teris t ics  o f  the 
observed  profiles  are rep roduced  by a m odel c loud consisting of  op tica lly  th ick  
frag m en ts  w hose in tr ins ic  velocity  w id ths  are m u ch  less than  the  observed 
p ro fi le  w id th ,  w hich  is p ro d u ced  by  re la tive  m otion  o f  the f ragm en ts .  A ny 
n u m b e r  o f  c lum ps are allowed to en te r  the  beam , how ever,  no two c lum ps are 
p e rm it ted  to have the same V js r , thus rad ia t ive  tran sfe r  effec ts  are nonexis ten t.
T H E  IM P O R T A N C E  O F C L U M P S  IN T H E  H IG H -V E L O C IT Y  O U T F L O W  GAS
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F o r  each  c lum p in the beam , the  co lum n density  o f  H 2 gas, N (H  2) = n c. r c, 
th ro u g h  the cen tre  o f  the c lum p is re la ted  to the observed  CS and  1 3CO 
co lum n  densities , in L T E , by
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20 K 6 x 1 0 " 1 ° 1 kms 1
t  c m ' 2 ( 5 . 4 . 2 )CS
w h ere ,  r 13, and , r cs, are evaluated  fo r  the 1 3CO J = l - 0  and  C 32S J = 2 - l  
t ransit ions,  respectively . As the  CS emission is m ore  sensitive to h igh  volum e 
densities  th a n  1 3CO, let us f irs t  outline  the analysis using this m olecule.
H av ing  used the observed line optical dep th  to der ive  the com bined  co lum n 
d ens ity  fa c to r  n c .rc , a second in d e p e n d e n t  equation  rela ting  n c and  r c is then  
re q u ire d  to de te rm ine  each separately. I f  the  c lumps are  se lf -co n ta in ed ,  
re la tive ly  long -l ived  entities, then  the ir  existence m ust result f ro m  construc tive  
in te rp lay  be tw een  the physical conditions charac teris tic  to both  the  c lum p and 
in te rc lu m p  m ed ium  (ICM). A ccord ing ly ,  values fo r  n c and  r c are solved for  
th ree  d i f fe re n t  physical c ircum stances ,  nam ely , th a t  the c lum ps are  (i) in virial 
e q u i l ib r iu m , (ii) in f r e e - fa l l  collapse, and (iii) ra m -p re s su re  co n f in ed  by 
in te rac t io n  w ith  the  outflow  gas
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T he velocity  w hich  dete rm ines  the  dynam ical evolu tion  o f  the c lum p  is the 
velocity  o f  H 2 molecules, AVC( H 2), which for  pure ly  the rm al motions is roughly  
a fac to r  of  th ree  larger than  the radia tive ly  im p o r tan t  velocity , AVc(CS) or 
AVc(CO); a t norm al m olecular  cloud tem pera tu res ,  AVC( H 2) « 1 k m s - 1 . F or  a 
vir ia lised , iso therm al c lum p , w ith  = 1.36, the fo llow ing  re la t ionsh ip  results
AYc (H 2 ) = 1 .9  [ n c / 1 0 4c m " 3 ] ° • 5 [ r c / l p c ]  k m s " 1 ( 5 . 4 . 3 )
C om b in in g  eqns.(5.4.2) & (5.4.3) then  gives the cha rac te r is t ic  dens i ty  an d  size 
o f  a typ ica l c lum p
(i) Clumps in virial equilibrium ;
n = 10 
c
TX
A X(CS) - 2 AYc(CS)
20 K
01OXko AY (H )C 2
2 - 3
r  cm c s
( 5 . 4 . 4 )
and
r  = 0 . 0 5  c
TX
- 2 X(CS) AY (H )C 2 AY (H )C 2
20 K 6x10'1° 1 kms 1 AYc(CS)
- 1r pc CS ( 5 . 4 . 5 )
a n d  t h e  m a ss  o f  e a c h  c lu m p  i s
M = 19 c
TX
- 2 X(CS) AY (H )'C 2
3 AY (H )C 2
20 K 6x10'1 0 1 kms 1 AYc(CS)
- M ( 5 . 4 . 6 )CS 0
T aking , r cs < 1, as an u p p e r  lim it to the  optical d e p th  in the
h ig h -v e lo c i ty  wings of  the  CS J = 2 - l  t ransit ion , and assum ing a partia lly  
tu rb u le n t  c lum p m ed ium  w ith  AVc( H 2)/AVc(CO) = 2 and  T x = 20 K ,  th e n  the
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typical c lum p  p ropert ie s  are, n c < 2 x 1 0 s c m - 3 , r c > 0.1 pc and M c > 40 M 0. 
T he  co rrespond ing  c lum p param eters ,  as derived  f ro m  an analogous analysis of 
the 1 3CO em ission, w here  it  is assumed tha t r , 3 < 1 and T x(CO) = 30 K , are 
n c < 2 x l 0 4 c m - 3 , r c > 0.4 pc and M c > 160 M 0. A d irec t  com parison  o f  the 
CS and  1 3CO pred ic t ions  the re fo re  lends strong ev idence  tha t  favours  the 
ex is tence  o f  a g rav ita t iona lly  b o und  tw o -p h a se  m ed ium , in w hich  the densest 
and  p ro b ab ly  also the  coolest gas is con fined  to small c lum ps (rad ia t ing  in CS 
emission) th a t  are m ixed  in w ith  a w arm er  and m ore d if fu se  ICM (seen 
p r im ar i ly  in CO emission).
(ii) C lum ps in  g rav i ta t io n a l  f r e e - f a l l  ;
T he  Jeans mass fo r  a gas of  density ,  n c , and  tem p era tu re ,  T c , can be 
expressed  as follows
T 3 / 2 nc c
25 K 1 " 310 cm
Thus, fo r  a typical c lum p density ,  nc = 1 0 5 c m " 3, and tem p era tu re  range , T c = 
10-50 K ,  the  co rrespond ing  Jeans mass falls in the range, M j = 1-10 M 0. 
R e fe r in g  back  to the  virial analysis described  in the p receed ing  section, w here  
it  was fo u n d  tha t  M c > 40 M 0, it  appears tha t  i f  the  c lum ps are p r im ari ly  held 
toge the r  by the ir  ow n grav ita tional po ten tia l  th en  collapse o f  the m ost massive 
c lum ps is conceivable ,  i f  no t inevitable . It  is then  a sim ple m at te r  to show that 
i f  the c lum ps are in f r e e - fa l l  collapse, ra the r  than  virial support ,  the c lum p 
propert ies  can be der ived  f ro m  the  virial analysis, s im ply  by rescaling in the 
fo llow ing  m an n e r
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nc(free-fal1) ----> 2.nc (virial)
rc (free-fal1) ----> rc (virial)/2
Mc (free-fal 1 ) ----> IMc (vi ri a I )/4
T he physical p roperties  expec ted  to charac ter ize  the f re e - fa l l in g  c lum ps are
then , n c < 4 x l 0 5 c m - 3 , r c > 0.05 pc and M c > 10 M 0, fo r  r cs < 1
(iii) C lum ps in  r a m -p re s s u re  c o n f in m e n t  ;
As the  m il l im e te r -w a v e  observations show little ev idence  fo r  substan tia l  
var ia t ions  in the gas tem p era tu re ,  i.e. = 10-40 K ,  b u t  suggest qu ite  large 
varia tions in volum e density ,  i.e. n ( H 2) = 10 3- 10 8 c m - 3 , any model which  
assumes a tw o -p h ase  m ed iu m  com posed  o f  h ig h -d e n s i ty  c lum ps im m ersed  in  a 
m o re  d if fu se  IC M  canno t p reserve  its in itia l iden ti ty  u n d e r  pu re ly  therm al 
cond itions  owing to pressure  im balance  be tw een  the  two gas phases. It is
th e re fo re  tem pting  to fo llow  the conclusions o f  N o rm an  & Silk (1980) and 
investiga te  a m odel in w h ich  the dense c lum ps are  ra m -p re s su re  co n f in ed  by 
d ynam ica l  in te rac tion  w ith  the h ig h -v e lo c i ty  ou tf low  gas, w h ich  presum ably
constitu tes  the ICM. I f  the  c lum ps are ra m -p re s su re  con f ined  then  the fo llowing 
c o nd it ion  holds
n c  = n(ICM ) [ 5Yc /AYc (H2 ) ] 2 ( 5 . 4 . 8 )
w here , n(ICM ) is the density  in the ICM  m ed ium , AVC( H 2) is the in ternal
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sound  speed in the c lum p, and , SVC is the c lum p  velocity  re la tive  to the 
ou tf low  velocity , or, w hen  expressed in m ore  fam ilia r  as trophysica l term s
n(lC M ) 5 \ c
2
1 kms 1
i n 3 " 310 cm 10 kms 1 AY (H )
C 2
T he  c lum p rad ius  can be de r ived  by substi tu tion  o f  eqn.(5.4 .9) into  eqn.(5.4.2), 
giving








20 K 6 x 1 0 " 1 ° t ̂ 3 " 310 cm 10 kms 1
T PCc s
( 5 . 4 . 1 0 )
A gain , using as an up p er  limit, t cs < 1, the charac ter is t ic  c lum p propert ies ,  n c 
= 10 5 c m -3  and  r c < 0.15 pc , are ob ta ined , w h ich  agree fav o u rab ly  w ith  those 
de r ived  previously . H ow ever ,  an  advan tage  in h e re n t  to the ra m -p re ssu re  
m echan ism  th a t  does not app ly  u n d e r  conditions o f  g rav ita tiona l co n f in m en t  is 
tha t  in the  fo rm e r  case, the  accelera tion  of  c lum ps o f  d i f f e re n t  mass and  size 
leads na tu ra l ly  to a co rre la ted  d ispersion  in c lum p velocity.
As a consequence  of  ra m -p re s su re  accelera tion , a c loud le t  o f  size r c , if  
acted  upon  over  a pa th  length , d, aquires a velocity
Yc  = e AYc (H2 ) [ d / r c ] i / 3 ( 5 . 4 . 1 1 )
w here ,  e, is a geom etrical fac to r  o f  o rder  unity; a lte rna tive ly
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d | l / 2  r  l ' l / 2  \ a \  (H )
Vc *  3 ----  --- -—  — ---—  kms"1 (5 .4 .12)
1 pc 0.1 pc 1 kms 1
T hus,  to accelerate  the  c lum ps to velocities o f  o rd e r ,  3 < v c < 10 k m s “ 1
(h a l f -w id th  at z e ro - in ten s i ty  o f  CS profiles),  over a d is tance  o f  1 pc, requires 
co rrespond ing  c lum p rad ii  in the  range, 0.1 < r c < 0.01 pc. M o reo v er ,  as a 
resu lt  o f  the inverse  re la tion  be tw een  c lum p velocity  and c lum p  rad ius , the 
largest and  m ost massive c lum ps are expected  to be the slowest m oving  whilst 
the  smallest c lum ps are the fastest  moving. This p red ic ted  velocity  d ispersion , in 
w h ich  the  smallest c lum ps give rise to the emission w h ich  form s the fa in t
h ig h -v e lo c i ty  wings o f  the  observed  profiles , m ay  then  expla in  w hy the beam
fill ing  fac to rs  ap p aren t ly  decrease  w ith  increasing velocity  o ffse t  from  the line 
core.
As fo r  the  orig in  o f  the c lum p mass fu n c t io n ,  several in te r re la ted  processes 
m ay  be responsib le , nam ely , (i) dynam ical in te rac t ion  be tw een  the  ou tf low  gas 
and  p re -ex is t in g  density  inhom ogeneities  w ith in  the  p a re n t  m olecu la r  c loud, (ii) 
en t ra in m e n t  o f  m ateria l  in to  the f low  resulting  f ro m  f lu id -d y n a m ic a l  instabilities 
a t  the  o u tf lo w /c lo u d  boun d ary ,  (iii) the  f rag m en ta t io n  or b r e a k -u p  of larger 
c lum ps to fo rm  smaller c lum ps, and (iv) if  collision tim es scales are su ff ic ien tly  
short ,  the  coalescence of  small c lum ps to fo rm  progressively  larger  c lumps. If, 
as was show n prev iously , the  largest c lum ps have  masses exceed ing  the Jeans
l im it (i.e M c > 10 M 0), then  it is fu r th e r  conce ivab le  th a t  im pac tion  of 
p re -e x is t in g  density  condensations in  the am b ien t  c loud  by  the  h ig h -v e lo c i ty  
o u tf low  m ay lead to acce lera ted  h ig h -m ass  star fo rm a t io n  over t im e  scales 
com aparab le  to the  ou tf low  l ife t im e ,  i.e. 104- 1 0 5 yr.
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Im p o r tan t  to u n d e rs tan d in g  the orig in  o f  the  c lum ps is an estim ate  o f  the 
typ ica l c lum p life t im e  w h ich ,  fo r  s teady -s ta te  eq u i l ib r iu m  cond itions ,  m ay give 
u sefu l in fo rm a tio n  on the ra te  at w hich  new  c lum ps are  genera ted . F o r  the 
slowest m oving  c lum ps the p r im ary  d es truc tion  process is p robab ly  the 
con tinuous  leakage o f  mass caused by the  f r ic t io n a l  d rag  be tw een  the  c lum p and 
the  ICM. H o w ev er ,  fo r  the faster  m oving clum ps, p ro b ab ly  the most e ffec t ive  
and  certa in ly  the  m ost rap id  des truc tion  m echan ism  involves the evapora tion  of 
m ater ia l  f ro m  the  c lum p su rface  th rough  shock heating. T h e  life t im e  o f  a c lum p 
is then  d e te rm ined  by  the  tim e taken for  a shock to traverse  the c lum p, which 
is
tdestroy ” ^c^shock^
r 5Y -1 n 1 / 2 n(ICM)c c c
0.1 pc 10 kms 1 i "310 cm , /\3 " 3 10 cm
( 5 . 4 . 1 3 )
T h e  c lum p l ife t im e  in the  h ig h -v e lo c i ty  f low  is thus on the o rd e r  o f  10 3- 1 0 5 
y r ,  be ing  shortes t  fo r  the  smallest and slowest m oving  clumps. To proceed  with 
this line o f  th o u g h t ,  the  p receed ing  a rg u m e n t  suggests th a t  once a c lum p is 
en tra ined  in to  or sw ep t up by  the ouflow , i f  it  is su ff ic ien t ly  massive, i t  will 
re ta in  its iden t i ty  fo r  a m a jo r  f rac t io n  of  the  f low  life tim e. A lthough  the 
largest c lum ps are re la tive ly  u n a ffec ted  by shock evapora tion ,  this is p resum ably  
n o t  the  case fo r  the  sm aller clumps, w h ich  are des troyed  in  only a f rac t io n  of  
the f low  life tim e. T h e  con tinuous  rep len ishm en t o f  the sm aller c lum ps is th e n  a 
p re requ is i te  fo r  th e ir  existence in the h ig h -v e lo c i ty  ou tf low .
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5.4.(b) T H E  O B S E R V A T IO N A L  R E P L Y
F u r th e r  limits  on the size scale and  n u m b er  o f  c lum ps fi l l ing  the beam can 
be der ived  from  an  analysis o f  the smoothness of  the emission in the 
h ig h -v e lo c i ty  portions o f  the  CO and CS profiles. T h e  quan t i ty  of  in te res t  here 
is the  f lu c tu a t io n  in a n te n n a  tem p era tu re ,  5Ta / T a , be tw een  a d jacen t  spectral 
e lem ents  o f  the  profile . In essence, the sm oothness o f  the pro f i le  wings depends 
on the  n u m b e r  of  c lum ps occupy ing  each sp ec tra l- reso lu tion  elem ent, w hich  can 
be ca lcu la ted  f rom  an es t im a tion  o f  the  beam  fil l ing  fac to r ,  / ,  as de f in ed  by 
eqn.(4.3.5).
T ak in g  as an u p p e r  l im it  to the  average a n te n n a ,  te m p era tu re  o f  the
H IG H -v e lo c i ty  com ponen ts  o f  the  CO and CS line profiles at the  central
o u tf lo w  position , T a (w ing) «  1.0 K ,  the  values, /  » 0 . 1  and 0.3, are obta ined
fo r  exc ita t ion  tem p era tu res  o f  T x = 40 and  10 K ,  respectively. I f  the  low
values o f  /  are in te rp re ted  as arising f ro m  n o n u n ifo rm  emission w ith in  the 
beam , p resum ab ly  in  the  fo rm  of m any  isolated, optically  th ick  clum ps o f  size 
less than  the  beam  d iam eter ,  then  /  m ay  be expressed in term s o f  the  n u m b e r  
o f  c lum ps in  the beam , N , the  velocity  d ispers ion  w ith in  each clum p, AVC, the 
observed  to tal p ro f i le  w id th ,  AVt , the  charac ter is t ic  size of  each c lum p, r c , and 
the  beam  d iam ete r  em ployed  to m ake the  observations, R ,  as follows
AY
/(wing) = N — - 
AYt
T h u s ,  /  can be v iew ed as the  com bined  velocity  and  a rea  d i lu t ion  fac to r  w hich , 
if ,  as argued  in Sec.[4.3.f], the  CO emission is therm alized , m ust decrease 
m onoton ica lly  f rom  un ity  at the  line core to roughly  one ten th  o f  tha t  value in
0 .1
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the  f a r  line wings. As show  above, the observed  o rder  o f  m ag n itu d e  d ro p  in /  
can n o t  solely be exp la ined  by a velocity  dependence  in the excita tion  
te m p e ra tu re  bu t  m ust resu lt  p r im ari ly  f rom  spatial and spectral f rag m en ta t io n  of 
the  em ission w ith in  the  beam.
R e fe r in g  back  to the  c lum p  models descr ibed  in the p receed ing  section, AVC
= 0.3 k m s-1 and  r c = 0 .1-0 .05  pc are taken  as charac ter is t ic  p ropert ie s  o f  the
clum ps. T hen ,  f rom  the observed  pro f i le  fu l l -w id th s  at zero in tensity ,  AVt(CS) = 
20 k m s " 1 and  AVt(CO) = 60 k m s " 1, and the p ro jec ted  beam  d iam ete r ,  R = 
0.3 pc (for  an assum ed d is tance  o f  3 kpc), it  is fo u n d  that the total n u m b e r  of
em itt ing  c lum ps in the  beam  is, N(CS) = 60-240  and N(CO) = 130-500,
respectively . K n o w in g  the  total n u m b e r  of  c lum ps filling the beam , the  n u m b er  
o f  c lum ps w ith in  each ve lo c i ty -reso lu t io n  e lem ent,  AVres = 0.5 k m s " 1, is then 
s im ply  N(AVres/A V t ) and  th e  typ ica l f lu c tu a t io n  in in tens ity  be tw een  ad jacen t  
reso lu tion  elem ents is [ (AVt /A V r e s ) / N  J 1/ 2 . F or  the CS J = 2 - l  and  CO J = l - 0
•t* •$-
lines, this analysis p red ic ts  f luc tua tions  in  the  p ro f i le  wings o f  o rd e r ,  5Ta / T a 
= 0 .8-0 .4  and 0 .9-0 .5 ,  respectively .
These p red ic ted  ranges in in tens i ty  f luc tu a t io n  can now be co m p ared  w ith  
the  observed  spectra. T h e  t igh test  cons tra in t  regard ing  the sm oothness o f  the 
in tens i ty  d is tr ibu tion  in the  line wings is observed  f rom  the high s ig n a l- to -n o ise  
CO J=1 -0  spec trum  tak en  at the  ou tf low  cen tre ,  as shown in Fig.[4.3.1j. Clearly, 
the  ran d o m  in tens i ty  f lu c tu a t io n  be tw een  a d ja c e n t  velocity  channels  is no greater  
than  30% at any velocity  in the  wings were  the line in tensity  is m easured  with
j|;
confidence . H ence , considering  the  above p red ic ted  limits on, 5Ta / T a , one is 
fo rced  to conclude tha t  i f  the  h ig h -v e lo c i ty  portions o f  the CO prof ile  orig inate  
f ro m  the superposition  o f  emission f ro m  m any  random ly  m oving c lum ps, then  
the  n u m b e r  o f  c lum ps req u ired  to fill the beam  m ust be ex trem ely  large (i.e. N
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> 500) and  the cha rac ter is t ic  size o f  each c lum p m ust be co rrespond ing ly  very 
small (i.e. r c < 0.05 pc) in o rd e r  to preserve  the in h e ren t  sm oothness o f  the
line wings. T h e  c lum p m odels discussed prev iously  can accom odate  such small 
c lum p sizes only  in the lim it o f  very small line cen tre  optical dep ths  (i.e. r  < 
0.5). This resu lt  is som ew ha t d isconcert ing  as it  con trad ic ts  the  high optical
dep ths  ( t i q > 1) der ived  f ro m  com parison  o f  the m ain  and isotopes CO lines.
T he  fo rego ing  analysis, a lthough  inconclusive , is useful in tha t  it brings to 
notice  the  possib ility  th a t  the  co m bined  assum ption  o f  optically  th ick  emission in 
a h igh ly  c lu m p y  m ed iu m , as has been  assum ed in the past by m ost w orkers  in 
this f ie ld ,  m ay  not p rov ide  a un iq u e  explanation  fo r  the ap p a ren t  low
b ea m -f i l l in g  fac to rs  com m only  der ived  fo r  the h ig h -ve loc ity  wings o f  optically  
th ick  line profiles. R a th e r ,  m ore  e labora te  rad ia tive  t ran sfe r  codes, th a t  take into 
accoun t the  presence  o f  tu rb u len ce  and  the  coupling  o f  line photons be tw een  
n e a rb y  c lum ps, m ay be ju s t i f ied .  Such m odels can then  be used to investigate  
the de ta iled  physics un d e r ly in g  the  observed  lack of  s truc tu re  in  the
h ig h -v e lo c i ty  wings o f  optically  th ick  CO line profiles at both  h ig h -a n g u la r  and 
h ig h -sp e c t ra l  resolution.
M ore  in fo rm a tiv e  constra in ts  on the  velocity  w id th  and size d is tr ibu tion  of 
the c lum ps in the  DR21 and  o the r  ou tf low  sources m ust aw ait observations at 
h igher  spec tra l  and spatial reso lu tion  in several transitions of  a m olecule. It is 
possible th a t  observations of  h ig h er  transit ions  in the  subm ill im eter  region, 
w hich  are m ore  sensitive to h igh  densities  and tem pera tu res  than  the  transitions 
observed  here ,  m ay  reap  the best astrophysica l re turns .
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5.5 T H E  CS A B U N D A N C E  IN T H E  H IG H -V E L O C IT Y  O U T F L O W  GAS
P robab ly ,  one o f  the  best available m ethods fo r  calculating  the  CS abundance  
in  the  h ig h -v e lo c i ty  gas is to com pare  the  colum n density  in the h ig h -ve loc ity
wings o f  the  optically  th in  CS J = l - 0  emission with the co lum n density  over  the
same velocity  range  as de r iv ed  f ro m  the optically  th in  1 3CO emission. Assum ing
local th e rm o d y n a m ic  eq u i l ib r iu m  and a single excita tion  tem p era tu re  com m on to
all ene rgy  levels o f  bo th  the CS and CO molecules, the fo llow ing  expression is 
ob ta ined  fo r  the ra tio  o f  the abundanc ies  in the h ig h -ve loc ity  emission
X(CS) /(CS) N(CS)
------------ =     ( 5 . 5 . 1 )
X(13CO) /(CO) N(13CO)
w here ,  / ,  is the a rea  fi l l ing  fac tor .  A t  the position o f  b righ tes t  h ig h -ve loc ity  
em ission in  the  b lu e - sh i f te d  o u tf low  lobe, the observed  colum n densities result 
in the  fo llow ing  ab u n d an ce  ratio
X(CS) /(CS) 3X1014 /(CS)
  = ----------    = 1 . 2x10"2 ------
X(13CO) /(CO) 2.5xl01E /(CO)
T h ere  are two perspectives  f ro m  w hich  one can view  this ratio . F irs t ,  it 
could  be naively  assum ed th a t  all lines are  em itted  f ro m  the  same volum e of 
gas, ie. / (C S ) / / (C O )  *  1, so tha t  X ( C S ) / X ( '  3CO) «  1 .2 x 1 0 "2 is taken  to 
rep re sen t  the  actual a b u n d an ce  ra tio  in  the  ou tf low  gas. This  app ro ach  has a 
p a r t icu la r i ly  in teresting  ou tcom e as the  best em pir ica l  es tim ate fo r  this ra tio  in 
o the r  dense  clouds is, X (C S ) /X C  3CO) = 5 x l 0 " 5, (T hronson  & Lada , 1984; 
T ak an o ,  1986). Thus , i f  the  CS and  CO emissions are coexistive, th en  the 
results p resen ted  here  im ply  tha t  the  h ig h -v e lo c i ty  CS emission f ro m  the DR21 
ou tf low  lobes is o v e ra b u n d a n t  re la tive to 1 3CO by at least two o rders  of
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m agn itude .  K u ip e r ,  Z u c k e rm a n n  & R o d r ig u e z -K u ip e r  (1981) and T hronson  & 
L ada  (1984) have a lready  cla im ed ev idence  for  an ove rab u n d an ce  of  CS, of 
s im ilar  m ag n itude ,  in the h ig h -v e lo c i ty  gas associated w ith  the O rion  m olecular 
ou tf low .
T h e  en h an cem en t  o f  the  CS ab u n d an ce  in m olecular  ou tf low s was f irs t  
p red ic ted  by Igleias & Silk (1978), and later by H artqu is t ,  O p p en h e im er  & 
D algarno  (1980) and M itchell  (1984), who p resen t  detailed  model calculations of  
shock  chem is try  w h ich  ind ica te  tha t  a lthough the CO molecule is hard ly  a ffec ted  
by  the  passage o f  a s trong  shock  f ro n t ,  the  su lp h u r -b e a r in g  molecules are 
o v e ra b u n d a n t  by at least two orders  o f  m agn itude  in the pos t-shock  gas. It is 
exc iting  to con jec tu re  tha t  the  large enh an cem en t  o f  CS in the DR21 outflow , 
ob ta ined  assum ing / ( C S ) / / ( 13CO) *  1, is caused by the same shocks w h ich  give 
r ise  to the  anom alously  b r ig h t  v ib ra t iona l  H 2 line emission. I f  the large 
e n h a n c e m en t  in  CS is indeed  real and  i f  it  does owe its orig in  to chemical 
p rocessing  in  fast shocks, th en  the ex trem ely  ex tended  and s truc tu red  na tu re  of 
the  CS emission over the  DR21 ou tf low , w hich  is un like  any other m olecular  
c loud  source  yet observed , m ay  resu lt  d irec tly  f ro m  in te rac tion  be tw een  the 
dense gas com pris ing  the  qu iescen t  cloud core and the energe tic  m olecular  
ou tf low s w h ich  pe rm ia te  the DR21 s ta r - fo rm in g  region.
T h e  p red ic t io n  o f  a large ove rab u n d an ce  of  CS molecules in  the  DR23 and 
several o ther  m olecular  ou tf lo w  sources depends solely on the assum ption  that 
the  CO and  CS emissions arise f ro m  the same volum e of gas (ie. equal filling 
factors) .  H ow ever ,  the re  is as yet no d irec t  observational ev idence  in  su ppor t  o f  
th is  claim. Indeed , f ro m  the low an tenna tem pera tu res  observed in the 
h ig h -v e lo c i ty  wings of  th e  therm alized  CO emission, it  has a lready  been 
suggested tha t  small scale c lum ping  w ith in  the ou tf low  gas is most p robab ly  a
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rea lis tic  occu rrence .  It is th e re fo re  conceivable  tha t  the large observed  ratio of  
N ( C S ) /N ( 1 3CO) results p r im arily  f rom  a co rrespond ing ly  low value of  
/ ( C S ) / / ( 13CO ), tha t  is to say, the CS gas may be s ign if ican tly  m ore  clum py  
th an  the C O  gas. Such a s itua t ion  is in tu i t ive ly  accep tib le ,  since the  critical 
d ens i ty  o f  CO is ap p rox im ate ly  one o rder o f  m ag n itude  lower than  tha t  o f  CS, 
so th a t  the  CO em ission could  arise f rom  a less dense  in te rc lu m p  m ed iu m  whilst 
CS em ission m ay  arise p r im ar i ly  f ro m  h ig h e r -d e n s i ty  c lum ps im m ersed  w ith in  
this m ed iu m . A ssum ing  a CS rela tive abundance , X(CS) = 6x 1 0 “ 1 °, as derived  
f ro m  the  L V G  analysis, and taking the canonical te rres tr ia l  abundance  for  
1 3CO, X ( 1 3CO) = 10“ 8, then , f ro m  the  observed  co lum n densities the ratio o f  
the  b eam  fil l ing  fac to rs  is
/ ( C S )  X(CS) N ( 1 3CO)
  =     « 0 . 0 8
/ ( 13CO) X ( 13CO) N(CS)
It is th e re fo re  conc luded  tha t  i f  the  CO emission un ifo rm ly  fills the  beam , 
th en ,  in o rd e r  to accoun t fo r  the  anom alously  h igh  CS colum n densities , the 
h ig h -v e lo c i ty  CS gas m ust be c lum py  and fill less than  10% of the beam  area.
A lth o u g h  it is d i f f ic u l t  to chose be tw een  the two available options, nam ely ,
(i) en h an ced  X(CS), and  (ii) small f(CS), w ith  the l im ited  spatial resolution used
6fo r  the  c u r re n t  observations,  it  is no tew o rth y  th a t  the  genera l thejkn^ em erg ing  
f ro m  m ost o f  the discussions p resen ted  in this chap te r  is th a t  the h ig h -v e lo c i ty  
gas th a t  constitu tes  the DR21 hyperson ic  outf low s is m ost p robab ly  
inhom ogeneous  in  its density  s t ruc tu re .  Such conditions  severely  com plicate  
analysis o f  the  observations especially  i f  the  size o f  the c lum ps is smaller than 
the  spatia l reso lu tion  em ployed . It the re fo re  follows tha t,  fu r th e r  progress in this 
im p o r ta n t  a rea  o f  m olecu la r  c loud s t ru c tu re  is d ep en d en t  on the  app lica t ion  o f
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h i g h e r - a n g u l a r  resolut ion in te r f e ro m e te r  t echniques ,  as isolat ion of  individaua l
C h a p te r  6 T H E O R E T IC A L  ID E A S O N  T H E  O U T F L O W  P H E N O M E N O N
6.1 IN T R O D U C T IO N  T O  T H E  M O D ELS
A fu n d a m e n ta l  constra in t  govern ing  the type  o f  dynam ica l  m odel chosen to 
exp la in  the energetic  ac tiv ity  associated w ith  the DR21 ou tf low s is th a t  it must 
a c co u n t  fo r  the  l a r g e  l u m i n o s i t y  seen in the  shocked  H 2 line em ission ( ~ 1800 
L 0). F u r th e rm o re ,  the m odel m ust also p red ic t  an o rig in  fo r  the h ig h - v e l o c i t y  
f l o w s  (> 50 k m s-1 )  and  the ir  p e c u l i a r  j e t - l i k e  m o r p h o lo g y .  T h e re  are five 
dynam ica l  m echan ism s fo r  the  la rge-sca le  excita tion  o f  v ib ra t iona l  H 2 which  
m ay  in d iv idua lly  or collectively  exp la in  the  observed  p h en om eno logy ,  nam ely , (i) 
a c lo u d -c lo u d  collision, (ii) an expand ing  H II reg ion , (iii) a su p ern o v a  explosion,
(iv) a young h ig h -m ass  stellar w ind  and , (v) an energe tic  p ro tos te l la r  ou tf low , 
the  re la tive  m erits  o f  w hich  are  discussed below.
6.2 T H E  C L O U D -C L O U D  C O L LISIO N  M O D E L
Previous m i l l im e te r -w av e  observations o f  CO, H C N  and  H 2CO (D ickel et al. 
1978; M orr is  et al. 1974; Wilson et al. 1982), w h ich  show good ag reem en t  w ith  
th e  h ig h -a n g u la r  reso lu tion  CO and CS observations p re sen ted  in  C h ap te r  4, 
in d ica te  the  existence o f  two separa te  clouds seen in p ro jec t io n  over the 
D R 21 /W 75  reg ion , one associated w ith  the  D R 21/W 75S  s ta r - fo rm in g  com plex 
and  the  o ther  w ith  the  W75N m olecular  cloud. B oth  clouds are o f  s im ilar  mass 
~ 5 x l 0 4 M 0, have m ean  d iam eters  ~ 25 pc, and  core densities  ~ 1 0 5 c m - 3 . 
A lth o u g h  the  l in e -o f - s ig h t  ve locity  d i f fe re n c e  b e tw een  the  tw o clouds is ~ 12 
k m s " 1, the  com m on spatial ex ten t  o f  b o th  velocity  com ponen ts  suggests tha t  the
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tw o  clouds m ay be u ndergo ing  physical in terac tion . In p a r t ic u la r ,  lo w -a n g u la r  
reso lu tion  observations o f  CO emission tow ard  the DR21 c loud  show  a 
la rg e -sca le  g rad ien t  in  the  rad ia l  velocity  of  the  W75N c o m p o n e n t  w h ich  may 
resu l t  f ro m  d if fe ren t ia l  re ta rd a t io n  in a c lo u d -c lo u d  collision; the  in te rac tion
appears  to be m ost p ro n o u n ced  along a l in e -o f - s ig h t  in te rcep t in g  the  DR21 
cloud  core  (Dickel et al. 1978). U n fo r tu n a te ly ,  the CO observa tions  p resen ted  
he re in  are o f  too h igh angu lar  resolu tion  and in su f f ic ie n t  f i e ld - o f - v ie w  to 
perce ive  any large-scale  k inem atic  s tru c tu re  sim ilar to tha t  observed  by Dickel
et al.
A ssum ing  a d ep ro jec ted  in te rc loud  m otion , Y re i « 15 k m s - 1 , and  th a t  all o f
the  p resen tly  observed  b u lk  k ine tic  energy  of bo th  clouds can be e f f ic ien tly
channe lled  in to  rad ia t ive  shock hea ting , a shock lum inosity ,  L s, o f  4 x 1 0 4 > L s 
> 400 L 0, over a d u ra t io n  o f  1 0 4 < d / V re j < 1 0 6 yr, w here  d is the  cloud 
d iam e te r ,  is po ten tia lly  available  f ro m  such a c lo u d -c lo u d  collision. The 
es t im ated  total lum inosity  in H 2 lines f ro m  DR21 (~ 1800 L 0) lies close to the 
m idd le ,  and  well below the u p p e r  lim it o f  this range.
T h e  m ain  advantage  o f  invok ing  this m echan ism  to acco u n t  fo r  the H 2 line 
em ission  is th a t  it  is energe tically  favourab le ,  be ing  able to supp ly  the  requ ired  
h igh  lum inosities  in sh o ck -ex c i ted  em ission at a s teady ra te  over a long per iod  
of  time. In  this scenario  the  shocked  H 2 delineates the in te r face  b e tw een  the 
two clouds w hich  m ost p ro b ab ly  takes the  fo rm  o f  a th in  w rin k led  layer (or, 
series o f  layers) o r ien ted  p e rp en d icu la r  to the d irec t ion  o f  c lo u d -c lo u d  m otion . 
In  the  case o f  D R 21, a N -S  rela tive m otion  o f  the  clouds w ould  expla in  the 
E -W  orien ta t ion  and  sh ee t- l ik e  appearance  o f  the  H 2 line emission. T h e  shock 
f r o n t  will ex tend  across the  en tire  d iam e te r  o f  the  c loud  w ith  an  in tensity  
d is t r ib u t io n  (Is cc n 0.Vs3) w h ich  peaks at the  cloud core and  decreases
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m ono ton ica lly  tow ard  the edges. T he  b reak  in H 2 line emission at the cen tre  
can be exp la ined  by  a co rrespond ing  increase  in the  2 /¿m ex tinc tion
(R ig h in i -C o h e n  et al. 1979).
C lo u d -c lo u d  collisions can resu lt  in g rav ita tiona lly  uns tab le  regions in a gas 
c loud  i f  the f r e e - f a l l  t im e  o f  the com pressed  gas is less than  the collision 
t im e-sca le .  This  co nd it ion  is m ost likely to occur  fo r  re la tive ly  slow collisions
b e tw een  cold, dense m olecu la r  clouds. Thus , an ongoing  c lo u d -c lo u d  collis ion , o f  
d u ra t io n  > 1 0 5 yr, will no t only  expla in  the h igh H 2 lum inosit ies  b u t  m ay also 
tr ig g er  massive star fo rm a tio n  w ith in  or close to the DR21 cloud core; it is the 
p h o to ion iz ing  rad ia t ion  f ro m  these n e w ly - fo rm e d  stars tha t  gives rise to the
lum inous  H II  region as revealed  in  rad io  co n t in u u m  emission. T h e  ne ig h b o u r in g  
m olecu la r  c loud  cores W75S and  W75N do no t lie along the  p roposed  in te rac t ion  
zone and , m ost p robab ly ,  are separa te  s e l f - in d u c e d  star fo rm a tio n  cen tres ,  
physica l ly  isolated f ro m  the  dynam ica l  in f luence  of  the  c lo u d -c lo u d  in te rac t ion .
T h is  s im ple  m odel m ig h t  also accoun t fo r  the  h ig h -v e lo c i ty  flows and  p lanar  
m o rp h o lo g y  o f  the  H 2, and  possibly the CO, line em ission in D R 21 . As the two 
clouds collide a th in  layer o f  h ighly  com pressed  m olecular  gas will fo rm  at 
th e ir  in te rface . The bu ild  up  of  a radial p ressure  g rad ien t  w ith in  the in te r face
layer will th en  fo rce  the  shocked m ater ia l  to f low  ou tw ards  at supersonic  
velocities  f ro m  the  cen tre  tow ards regions o f  low er p ressure ,  w h ich  will
p re fe re n t ia l ly  be along an E -W  plane, p e rp en d icu la r  to the  re la tive  c lo u d -c lo u d  
m otion . It is this h ig h -v e lo c i ty  p lanar  ou tf lo w  th a t  m ay give rise to the  b road  
w ings and  h igh ly -co l l im a ted  emission observed  in  the  H 2 a n d  CO lines.
F o r  the  above suggested  geom etry ,  in  w h ich  the  ap p earan ce  o f  the  H  2 lobes 
re f lec t  ou r  e d g e -o n  perspec tive  o f  a superson ica lly  e x p an d in g  layer  of
186
com pressed  and  shocked  gas, the broadest H 2 and CO line p ro f i les  are expected  
to be localized to the  ve ry  cen tre  o f  the  DR21 cloud core  and  will becom e
m ono ton ica lly  n a r ro w er  w ith  increasing  ou tw ards  d isp lacem en t.  O n the  whole, 
the  p ro files  should  rem ain  ra th e r  sym m etr ic  w ith  pos ition  over the  h ig h -v e lo c i ty  
o u tf lo w  region. B oth  o f  these pred ic tions  are no tab le  ch arac ter is t ics  o f  the
observations p resen ted  in C h ap te r  4. F u r th e rm o re ,  i f  the  d ens ity  p ro f i le  o f  
shocked  m o lecu la r  gas is sharp ly  peaked  in the N -S  d irec tion  at the  m id -sec t io n  
o f  the  com pressed  layer then  the large degree o f  co llim ation  and in ternal 
s inuosity  o f  the  H 2 em iss ion -l ine  source w ould  be as ex p ec ted  fo r  an almost 
e d g e -o n  layer th a t  is b ro k en  at the  cen tre  by heavy  in te rn a l  or fo reg round  
ex tinc tion . T he  s lender f i lam en t  o f  b r ig h t  CS em ission ex ten d in g  over several
parsecs to the west o f  the  DR21 cloud core, m ay re p re se n t  yet ano ther
m an ife s ta t io n  o f  the c lo u d -c lo u d  collision m odel. In d eed ,  the  exceed ing ly  high 
mass associated  w ith  this fe a tu re  (> 104 M 0) m akes it  ha rd  to argue  otherwise.
U n fo r tu n a te ly  the  sim ple c lo u d -c lo u d  collision scenario ,  as po r tray ed  above, 
is p lagued  by  two m a jo r  d raw backs . F irs t ,  a lthough  n o n -m a g n e t ic  shock models 
p re d ic t  a b u n d a n t  p ro d u c t io n  o f  H 2 line em ission in  lo w -v e lo c i ty  shocks, the 
m ore  recen t  MF1D shock m odels o f  D ra ine ,  R o b e rg e  & D algarno  (1983), being 
the m ost e labora te  pub lished  to date , p red ic t  v = l - 0  S ( l)  line  in tensities  m ore 
than  an o rd e r  o f  m ag n itu d e  low er than  the  peak  observed  in tensit ies  fo r  V s < 
20 k m s " 1. This a p p a ren t  d isc repancy  m ay  be so m ew h at  re laxed  if ,  as argued 
above, the  shocked  layer is v iew ed e d g e -o n  ra th e r  than  f a c e -o n  as assum ed in 
the  m odel calculations because then  the  l in e -o f - s ig h t  co lum n  density  of  ho t H 2 
m olecules can be increased in  p rop o r t io n  to the  d ia m e te r / th ic k n es s  ra tio  of  the 
shocked  layer. As suggested  by D ra ine  et al., a d e f in i t iv e  test  fo r  the  existence 
o f  low -v e lo c i ty  shocks in  dense  m olecu la r  clouds, an d  h ence  the  feas ib i l i ty  of 
the  c lo u d -c lo u d  collision m odel, could involve  a search  fo r  s trong , collisionally
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exc ited  [01] 63 ¿im and  146 /on line em ission (e.g. Genzel e t al. 1985). A high 
ra tio  o f  ro ta tiona l to v ib ra t iona l  H 2 line emission w ould  also be expected .
T h e  second p rob lem  faced  by  this m odel, again aris ing  f ro m  a d irec t  
com parison  o f  the observations w ith  theory , involves the accelera tion  o f  a small 
po r t io n  o f  the com pressed  cloud m ateria l  to velocities in excess o f  ~ M ach 50. 
R e c e n t  th re e -d im e n s io n a l  nu m erica l  s im ula tions o f  lo w -d en s i ty  in te rs te lla r  cloud 
collisions, p resen ted  by  L a ttanz io  e t al. (1985), c o n f irm  the  p red ic ted  fo rm ation  
o f  a th in  layer o f  com pressed  o u tf low ing  m ater ia l  located along the in te rac t ion
zone, b u t  canno t genera te  the  large velocities charac ter is t ic  to parts  o f  the DR21 
ou tf low . E jec t io n  velocities in the  shocked  cloud m ateria l ,  as p red ic ted  by these 
m odels , are s ign if ican tly  less th an  M ach  20; a sim ple analytical check  fu r th e r
co n f irm s  the num erica l  p red ic tions.
We leave the c lo u d -c lo u d  collision scenario , th e re fo re ,  w ith  the  concluding
re m a rk  th a t  a lthough  such  a m odel has m an y  a t trac tive  benefi ts ,  it  is most
un l ike ly  th a t  a c lo u d -c lo u d  collision can  exp la in  the dynam ica l  orig in  o f  the
h ig h es t-v e lo c i ty  gas flows w h ich  play  an  im p o r ta n t  role in  the  m ak ing  of the 
en igm atic  p h en o m en a  w h ich  ch a rac ter ize  the DR21 s ta r - fo rm in g  region. O ther
physica l  m echan ism s th a t  are capable  o f  accelera ting  the  dense ou tf lo w  gas to 
h yperson ic  velocities m us t  th e re fo re  be investegated .
6.3 T H E  E X P A N D IN G  HIT R E G IO N  M O D E L
D eep  w ith in  the core o f  the  DR21 m olecu la r  c loud  com plex  lies an
ex trem ely  lum inous  com pact H II  region. Fig.[5.1.2] displays an overlay  o f  the  2 
cm  rad io  c o n t in u u m  (R oelsfem a, p r iva te  com m unica tion )  on the con tours  of
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H II region re la tive  to tha t  o f  the  shocked  gas region th a t  the  H 2 line emission
in the  o u te r  parts  o f  the  lobes canno t be caused by expansion  o f  the  H II  region 
alone. H o w ev e r ,  it  rem ains  to de te rm in e  to w hat e x ten t  the  H 2 line emission
bo rd e r in g  on the  HII reg ion  could  be s t im ula ted  by the expansion.
T h e  m echan ica l  energy  f lux  available f rom  the iso tropic  expansion  o f  an HII
reg ion  can be expressed in the fo llow ing m an n e r
L(HII) = Egxp/texp ~ (ne+np) ^ "Fe  ̂ir (rexp)2 ^exp (6.3.1)
w h ere ,  n e and  n p are  the e lectron and  p ro to n  partic le  densities , T e is the
te m p e ra tu re  o f  the ionized gas, r exp is the  rad ius  of the  HII reg ion , V exp is
the  ve locity  o f  expansion  and  t exp is the expansion  time. F or  the  DR21 
co m p ac t  H II  reg ion , T e = 1 0 4 K ,  r exp «  0.3 pc and  n e «  2 .5 x 1 0 3 c m -3
(H arr is  1973). I f  the  HII region expands supersonica lly  at V exp = 40 k m s - 1 , as 
in d ica ted  by  the  broad  rad io  recom bina tion  line profiles  discussed in
Sec.[4.3.(g)], then  texp < 104 yr and L(HII) * 115 L 0. T h is  p red ic ted  lum inosity  
is m ore  th an  one o rd e r  o f  m ag n itude  lower than  tha t  in fe r re d  f ro m  the  H  2 line 
o bserva tions  along the l in e -o f - s ig h t  to the  DR21 H II reg ion  an d ,  the re fo re ,  
can n o t  acco u n t  fo r  the  bu lk  o f  the  observed  shock phenom enology . T h e  HII
reg ion  expansion , how ever ,  m ay accoun t fo r  some o f  the  d i f fu se  H 2 line
em ission im m ed ia te  to the  ioniza tion  f ro n t ,  especially  in the  eastern  lobe w here  
th e  low er H 2 in tens i ty  con tours  fo llow  closely the  ou te r  b o u n d a ry  o f  the  HII 
reg ion . It is th e re fo re  conceivable  tha t  a dense  shell o f  s w e p t -u p  am bien t  
m o lecu la r  gas m ay  be associated w ith  the  exp an d in g  H II  region shock fron t.  
In d eed ,  the ex istence o f  such a dense shell has a lready  b een  in fe r re d  f ro m  the 
CO v e lo c i ty -ch an n e l  maps (Sec.[4.3.dj) and the  CS J = 2 - l / J = l - 0  l in e - in te n s i ty
inf r a r ed  H 2 l ine-emiss ion .  It is immedia te ly  a pp a re n t  f ro m  the small  size of  the
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ra t io  plots (Sec.[4.4.e]).
In acco rdance  w ith  the discussion in Sec.[4.1], it  is conceivable  tha t  the HII 
reg ion  is a "blister" located close to the back  su rface  o f  the DR21 m olecu la r
c loud  and m ay  not be physically  associated w ith  the DR21 m olecular  ou tf low .
T h e  m ain  reason  w hy  the  star(s) tha t  ionize the com pac t  HII reg ion  can n o t
s im u ltaneous ly  dr ive  the observed  outf low s, at this p resen t  epoch , derives  f ro m
reco m b in a t io n  tim e scale considerations. In essence, it  is most p robab le  tha t  the 
"classical" p ic tu re  o f  the b ir th  o f  an HII reg ion  m ay  be inco rrec t  because  it
ignores  the  role o f  p r e -m a in - s e q u e n c e  mass loss in the  fo rm a tio n  of  cavities 
a ro u n d  the  s tar  and in con tro lling  the escape o f  L ym an  c o n t in u u m  rad ia t ion  
(Spitzer 1978; Bally & Scoville 1982; Simon et al. 1983). F or  a s tar having  a
L y m a n n  c o n t in u u m  f lux ,  N jy c , a mass loss ra te , M w , at a velocity , V w , the
L y m a n  c o n t in u u m  rad ia t ion  is e ffec t ive ly  t rap p ed  w ith in  a few  stellar rad ii  fo r  
m ass-loss  ra tes  given by (W right & Barlow 1975)
M* > Mc r i t  = m(H) Yw [ 4  * N l y c  ( R i / c * ) ] 1 / 2 ( 6 . 3 . 2 )
w h ere ,  R j ,  is the  rad ius  a t  the  orig in  o f  the f low  and , a ,  is the  Case B 
re c o m b in a t io n  c o e ff ic ien t  (ct = 2 .60x10” 1 3). W hen expressed  in m ore  fam ilia r
as trophysica l  un its ,  the  fo rego ing  expression becomes
crit I
I o
1 VI Yw N ily c
1 / 2 R.
1
1 / 2
M y r  1
0
100 kms 1 1 n 4 s - 110 s 1 0 1 2cm
II o CO photons s ' 19 II o 4 cm and  V w = 100 kms
( 6 . 3 . 3 )
1 0 ' 5 M 0 y r _ 1 . Similarity , i f  the mass loss o rig inates f ro m  a disc su rro u n d in g  a
s tar  a t a d is tance  R,j f ro m  the star, the  L ym an  con tinum  is co n f in ed  to a
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reg ion  a f e w  times in  radius  i f  M w > M c r jt . T he  DR21 m olecu la r  ou tf low  
m ost p ro b a b ly  has a m ass-loss ra te  M w > 10“ 3 M 0 y r ~ 1, at an ou tf lo w  velocity  
V w < 100 k m s ~ 1. H ence , accord ing  to the  above a rg u m en t ,  it  is a lm ost ce rta in  
tha t  the  m ass-loss ra te  o f  the  DR21 h ig h -v e lo c i ty  f low  is su f f ic ie n t  to inh ib it  
the  fo rm a t io n  o f  an ex tended  ionized envelope. It is th e re fo re  co n c lu d ed  that 
the  o b je c t  th a t  pow ers the m olecular  o u tf low  canno t s im ultaneously  ionize the 
DR21 HII region.
T h e  p h o ton  t rapp ing  prob lem  can, how ever ,  be c i rcu m v en ted  i f  the 
m o m e n tu m  in the ou tf low  gas does not d issipate  too rap id ly ,  in w h ich  case, the 
shocks m ay  su rv ive  fo r  a re la tive ly  long tim e follow ing the dem ise  o f  the 
ou tf lo w  stage. In such a p ic tu re ,  it  m ay be possible tha t  the  shocks we 
p resen tly  observe  ou tline  a decaying  o u tf low  w hich  has been  c rea ted , som etim e 
in  the past,  by  the star(s) th a t  are now  observed  as the  exciting  agents o f  the 
the rm al rad io  c o n t in u u m  emission. This tw o -s tag e  evo lu tionary  m odel, in  w hich  
p re -m a in - s e q u e n c e  (PMS) ou tf low  preceeds the app roach  o f the  s tar  onto  the 
Z A M S , is consis ten t w ith  the  dynam ica l  age of  the  CO ou tf low  (~ 5 x 1 0 4 yr) 
w h ich ,  in  tu rn ,  is com parab le  to the PMS evo lu tion  tim e  o f a m assive s tar (~ 
10 5 y r  fo r  M  > 10 M 0), i.e. the tim e the  s tar takes to evolve f ro m  the 
fo rm a t io n  o f  an  hydrosta t ic ,  optically  th ick  core  to the m ain  sequence  
(A ppenze lle r  1982; L arson  1973; Iben 1965).
A lthough  a tw o -s tag e  evo lu tionary  m odel is h igh ly  a t trac t ive  it  does have 
one m a jo r  shortcom ing , in  tha t,  the  CO observations p resen ted  in  Sec.[4.3] 
suggest th a t  the  cen tra l  o b jec t  is still u ndergo ing  excessive m ass-loss a t  the 
p resen t  epoch  and  thus canno t be the  ion iz ing  agen t  fo r  the DR21 H II  region. 
It m ay  still be possible, how ever ,  tha t  the small scale ou tf low  localized to the 
DR21 ou tf lo w  source  m ay rep resen t  a n ew  m ass-loss ou tb u rs t  phase, im ply ing
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th a t  the  ou tf lo w  process m ay evolve th ro u g h  pe r iod ic  and  sh o r t - l iv e d ,  bu t 
h ig h ly -e n e rg e t ic ,  bursts  ra th e r  than  a con tinuous  f low  tak ing  place over  the 
en tire  o u tf lo w  lifetime. T he  escape o f  ionizing photons m ay  then  take place 
d u r in g  an  inac tive  phase o f  the m ass-loss cycle. It is w o r th  no ting  tha t  the 
expansion  l ife t im e  of the DR21 HII region ( tex p < 104 yr),  w h ich  can be taken 
to d e f in e  an  u p p e r  lim it to the  l ife t im e  of the  qu iescen t  m ass-loss  phase, is, 
in d eed ,  com p ara t iv e ly  short  in com parison  to the  total ou tf lo w  life t im e  (~ 5 x 1 0 4 
yr).
T o  sum m arize  the fo rego ing  discussion, it  is a lm ost ce r ta in  th a t  the  HII 
reg ion  expansion  canno t genera te  su f f ic ien t  d riv ing  pressure  to acco u n t  fo r  the 
large lum inos ity  observed  in  H 2 l ine -em iss ion ,  no r  can it exp la in  the  ex trem ely  
ex ten d ed  and  s t ru c tu red  m orpho logy  o f  the  shocked  ou tf lo w  gas. T h e  location of  
th e  D R21 H II  reg ion  along the line of  s ight is as ye t u n d e te rm in ed .  H ow ever ,  
the  ex is tence  o f  h igh  m ass-loss rates associated  w ith  the cen tra l  d r iv in g  ob jec t  
in  c o n ju n c t io n  w ith  the appearance  o f  the rad io  co n t in u u m  maps suggest that 
the H II reg io n  m ay  be a b lis ter  located on the back  su rface  o f  the  DR21 cloud 
and  thus  m ay  be dynam ica lly  and rad ia t ive ly  isolated f ro m  the  cen tra l  ou tf low  
system.
6.4 T H E  S U P E R N O V A  E X P L O S IO N  A N D  S T E L L A R  WIND M O D E L S
6.4.(a) S E T T IN G -U P  O F T H E  IN IT IA L  C O N D IT IO N S
O ne o f  the  fu n d a m e n ta l  questions th a t  arise f ro m  the  observations p resen ted  
in  th is  thesis is: "what is the  source o f  the energy  and  m o m e n tu m  re q u ire d  to 
d r ive  the  h ig h -v e lo c i ty  ou tf low s and how  do these physical quan ti t ies  change
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w ith  time?" T h e  evo lu tion  o f  a stellar w in d  w ith in  a dense  m olecular  cloud 
depends  p r im ar i ly  on w h e th e r  the w in d  energy  is re leased in a single burs t  (i.e. 
a su p ern o v a  expolosion) o r  over an ex tended  pe r io d  (i.e. a co n tinuous  stellar 
w ind) and  also on the  in it ia l  w ind  velocity  (B eckw ith ,  N a t ta  & Salpeter  1983).
As a f i r s t -o rd e r  app ro x im atio n ,  sim ple se l f - s im i la r  so lu tions can be used to 
derive  and com pare  the  physical param ete rs  p red ic ted  by d i f f e r e n t  f low  models. 
Several o f  the m odels to be investega ted  here ,  have  p rev iously  been used by 
B eckw ith  et al. (1983) to investigate  the energetics  o f  the O rion  ou tf lo w  source. 
M ore  recen tly ,  an ex trem ely  in fo rm ativ e  paper  by D yson (1984), describes how 
a "simple m inded" observer  can m an ipu la te  the  s im ila r i ty  solutions to derive 
in fo rm a tio n  on the  w ind  p a ram ete rs  f ro m  the observed  f low  charac ter is t ics ,  such 
as shock  velocity , shock  rad ius  and  o u tf low  mass. D yson  also investigates the 
m ore  realis tic  case o f  a s tellar w ind  w ith in  a m o lecu la r  c loud  charac te r ized  by a 
radial  dens ity  grad ien t.
T he  assum ptions  im p lic i t  in  the  fo llow ing  in te rp re ta t io n  o f  the f low 
charac ter is t ics ,  are (1) th a t  the  o u tf low  is spherica lly  sym m etr ic ,  (2) tha t  it is 
the hyperson ica lly  e x p an d in g  shock f ro n t  and associated  shell o f  dense sw e p t-u p  
am b ien t  m ater ia l  w h ich  gives rise to the  observed  H 2 and  CO line emissions, 
respec tive ly ,  and  (3) th a t  m agnetic  fie lds  play a m in o r  role in  the  dynam ical 
evo lu tion  o f  the  outf low .
F or  the  case of  the DR21 outflow , and fo r  th a t  m a t te r ,  m ost o the r  outf low  
sources d iscovered  to date ,  th e  density  d is tr ib u t io n  o f  the  p a re n t  m olecu la r  cloud 
is m ost p ro b ab ly  no t spherically  sym m etr ic ,  h o w ev er ,  it  is co n ten d ed  tha t  the 
overall energetics o f  the prob lem  w ould  no t  be g reatly  d i f f e r e n t  f ro m  the 
spherica lly  sym m etr ic  case. A sim ilar p o in t  o f  v iew  has been  expressed  recently
193
by O k u d a  & Ik eu ch i  (1986) and K w o k  & V olk  (1986), w ho used spherically  
sym m etr ic ,  s e l f -s im ila r  calculations in o rder  to investiga te  the  im p o r tan ce  of  
rad ia t io n  pressure  fo r  d r iv in g  b ipo la r  ou tf low s in m o lecu la r  clouds charac ter ized  
by  a radial  dens i ty  grad ien t.  This p a r t icu la r ly  realistic  s i tua tion  is conside red  as 
o f  the models investiga ted  below.
Solution o f  the  s im ila rity  equations gives e i ther  the initial total energy  E 0 
fo r  the case o f  an explosive even t,  o r  the w ind  m echanical lum inosity  L w for 
the  case o f  a constan t  lum inosity  stellar w ind . T h e  in p u t  pa ram ete rs  to these 
equa tions  are  the  observab le  quan ti t ies ,  the  shell (or shock) radius  R s , the shell 
(or shock) velocity  V s, the  stellar w ind  velocity  V w , and the  p re -sh o c k  
m olecu la r  c loud density ,  n 0. U n fo r tu n a te ly ,  f ro m  H 2 em iss ion - l ine  observations 
a lone , the  p re - s h o c k  density  is no t d irec tly  ob ta inab le  and  m ust  be calculated 
using an  in te rm e d ia ry  shock m odel to ge the r  w ith  several naive assum ptions. The 
m e th o d  used to estim ate  the  m ean  p re - s h o c k  n u m b e r  density  f ro m  the observed  
total lum inosity  em it ted  in  sh o c k -e x c i te d  H 2 lines, is essentially  an energy  
conserva tion  a rg u m en t ,  and is ou tl ined  below.
T h e  fu n d a m e n ta l  assum ption  is th a t  the  H 2 line emission arises f ro m  the hot
s
p o s t- sh o c k  gas c rea ted  by  the  su peron ic  expansion  o f  a stellar w ind  bu b b le  into
A
a dense m olecu la r  c loud m ed ium . With r e fe ren ce  to the shock m odels discussed
in Sec.[5.2], i t  is an t ic ipa ted  th a t  shock velocities  in the range , 10 < V s < 50
k m s~ 1, and  p re - s h o c k  n u m b e r  densities , no > 1 0 5 c m - 3 , are  prerqu is i tes  fo r  the
A
exc ita t ion  of  s trong H 2 line emission. F or  these  in itia l cond itions ,  eqn.(2.2.1) 
p red ic ts  tha t  the  p o s t-sh o ck  te m p e ra tu re  will be in  the  range  1 0 3- 1 0 5 K . Over 
this te m p e ra tu re  range , the  do m in an t  coolan t in  a cloud is v ib ra t iona lly  excited 
H 2 (M cK ee  & H o llenbach  1980). T h e re fo re ,  it  will be taken  fo r  g ran ted  that 
the  b u lk  o f  the k ine tic  energy  o f  the  stellar w in d  responsible  fo r  d riv ing  the
194
h ig h -v e lo c i ty  ou tf low s is converted  into rad ia t ion  by H 2 m olecules. To allow fo r  
som e degree  o f  f lex ib il i ty ,  an e f f ic iency  fac to r ,  e, is in t ro d u c e d ,  w h ich  specifies 
the f ra c t io n  o f  the total m echan ical lum inosity  w h ich  em erges  in  the in f ra red  
lines o f  the H 2 molecule.
To p roceed , let us f i rs t  calculate  the total H 2 lum inosity  expec ted  f rom  a 
spherica lly  sym m etr ic  shock im ping ing  upon  a m e d iu m  o f  m ean  density ,  p 0 = 






Y2 ( 6 . 4 . 1 )
As the  shocked  reg ion  is assum ed to be a spherica l shell o f  rad ius  R s on  the 
sky, th en  the  total fo rce  acting  on the shell is s im ply , (4 ir R |  )P S. (It is w orth  
no ting ,  th a t  these o rder  o f  m ag n itu d e  estimates are also ap p ro p r ia te  fo r  the case 
o f  a sw arm  o f  colliding cloudlets  w ith in  the bub b le  fo rm in g  the shock , since 
the w o rk ing  su rface  area w ould  still be of  the  o rd e r  o f  the  square  of  the 
a f fe c ted  region). H av ing  d e f in ed  the  in teg ra ted  fo rce  acting  on the  shell, the 
to ta l m echan ica l  lum inosity  is then  given by




( 6 . 4 . 2 )
In tro d u c in g  the  conversion  e f f ic ien cy  fac to r ,  e, descr ibed  earlie r ,  th en  the  total 
H 2 line lum inosity  p red ic ted  is




( 6 . 4 . 3 )
To estim ate  the  overall e f f ic ien cy ,  it  seems a p p ro p r ia te  to r e tu rn  to the best 
s tud ied  and b r igh tes t  H 2 source, the O rion  m olecular  o u tf low , fo r  w h ich ,  m uch
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deta iled  theore t ica l  m odelling  has been m ade. T h e  m ost com p reh en s iv e  shock 
m odels are  those p resen ted  by C h e rn o f f  e t  al. (1982) and  D ra ine  et  al. (1982) 
w ho, by m a tch in g  the ir  nu m er ica l  models w ith  the  observa tions  o f  B eckw ith  et 
al. (1983), f in d  th a t  the  O rion  shocks are best f i t t e d  by the  fo llow ing  physical 
param eters ;  L ( H 2) = 300 L 0, R s = 2 x l 0 1 7 cm , V s = 36 k m s-1 and n 0 = 2 x l 0 5 
c m - 3 . Inser t ing  these o p t im u m  values into eqn.(6 .4 .3), gives, e = 0.1, as a best 
es tim ate . F u r th e r  assum ing  tha t  the en v iro n m en ts  in the  O rion  and DR21 
m olecu la r  ou tf low s are broad ly  similar,  then  eqn.(6.4.3) becom es
L(H ) = 600
2
e R 2 n Ys 0 s
0. 1 1 .0 pc 1 A4 "310 cm 20 kms 1
( 6 . 4 . 4 )
F ro m  the  observations p resen ted  in Sec.[4.2] the to ta l lum inosity  in H 2 line
em ission in  the  DR21 ou tf low  region is 1800 L 0 at a shock  rad ius  o f  roughly
R s = 1.5 pc and w ith  a shock velocity  of  o rd e r  25 k m s -1 (FW H M  o f  H 2 S(l)
line profiles) .  Substi tu t ion  o f  these observed  values in to  eqn.(6.4.4) results in  a 
value fo r  the  p re - sh o c k  density ,  n 0 «  7 x 1 0 3 c m - 3 . In  o rd e r  to s im plify  the 
analysis, a m ean  p re - sh o c k  density  , n 0 = 104 c m - 3 , a shock  velocity , V s = 25 
k m s- 1 , a shock rad ius ,  R s = 1.5 pc, and  a to ta l H 2 line lum inosity ,  L ( H 2) = 
1800 L 0, will be  tak en  as charac ter is t ic  values. It is acknow ledged  tha t  
varia tions  in  m agnetic  f ie ld  s trengths  be tw een  d i f f e r e n t  s ta r - fo rm in g  m olecular 
clouds m ay  exist and  th a t  these varia tions m ay  so m ew h a t  in f luence  the above 
naive assum ptions,  how ever ,  it  is stressed tha t  p resen t  in te res t  is only in the 
m acroscop ic  details o f  the  o u tf low  process and  no t  in  the deta iled  m icroscopic  
s t ru c tu re  o f  the  flows w h ich  m ay indeed  be severe ly  d is to r ted  by the effec ts  of
m agnetic  p ressure  and  n o n -u n i fo rm  am b ien t  density .
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F o r  a stellar w in d /ex p lo s io n  m odel, the  evo lu tion  o f  the H 2 lum inos ity  can 
be b road ly  d isec ted  into th ree  d is tinc t phases, nam ely;
Phase 1 : "dissociated phase", characterized by Ys > 50 kms"1.
Little or no H2emission is produced over a duration,
t  =  t d i s s -
Phase 2 : "luminous phase", applicable for 10 < Ys < 50 kms"1.
Strong H2 emission over a period of time, t = t¡ u m .
Phase 3 : "non-luminous phase", applicable for Ys < 10 kms"1.
The velocity is too low in order to excite significant 
vibrational H2 line emission.
O bviously ,  the  re la t ive  d u ra t io n  o f  these phases depends  s trongly  on the 
in it ia l  w in d  velocity  and  on the  dece le ra t ion  of  the  shock  f ro n t ,  w h ich  can  vary  
s ign if ican tly  f ro m  m odel to m odel. Physical c ircum stances  w hich  resu lt  in , t ¡ u m  
> t ¿ i ss , a re  the  most fav o u rab le  to observa tion  because  the  re la tive  n u m b e r  of 
such  sources per  u n i t  a rea  on the  sky will be greatest,  th e re fo re ,  they  will 
p re su m ab ly  be the easiest to f ind .
6.4.(b) T H E  S U P E R N O V A  E X P L O S IO N  M O D E L
T h e  in te rac t io n  o f  su p ern o v ae  w ith  m olecu la r  clouds is a su b jec t  o f  grow ing
■fc
in terest .  S upernova rem n an ts  are  observed  to collide w ith  dense clouds (Wooten
A
1977; Scoville et al. 1977; B ur ton  et al. 1986), and  have  been suspec ted  of 
ind u c in g  localized star fo rm a tio n .  M oreover ,  B eckw ith  e t al. (1978) have  even
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gone so fa r  as to suggest th a t  a supernova  m ay have p layed  a role in crea ting  
the  shocked  H 2 em ission and h ig h -v e lo c i ty  ouflow s associated  w ith  the  O rion 
M olecu la r  C loud. H ere ,  the  o p p o r tu n i ty  is taken  to rev ita lize  this no tion ,  and 
th e re b y  consider  the observab le  consequences of  a supernova  having  exp loded  in 
the recen t  past w ith in  the DR.21 m olecu la r  cloud core.
O ne m ust f irs t ,  how ever ,  answ er the obvious question  : "will the  cloud
h a rb o u r in g  the supernova  su rv ive  the initial explosion or will it  d is in tegra te
u n d e r  the  im pact?" This ques tion  is m ost s im ply  answ ered  th rough  a com parison  
o f  the  in it ia l  explosion ene rgy  (~ 10 s 1 erg) w ith  the  clouds grav ita tional
b in d in g  energy. In the s im ples t  case o f  a spherica l,  hom ogeneous  cloud o f  mass
M c and  n u m b e r  density  n c , the g rav ita tiona l b ind ing  energy, Eg will be
5 / 3
E = 4X1040 M ncg c
F o r  the  DR21 c loud  core , w here ,  M c «  5 x 1 0 4 M 0 and  n c « 5 x 1 0 4 c m -3  (viz.
Sec.[4.4] & Table[5.2.1]), th is  gives, E g  «  10 5 0 erg, w h ich  is an o rd e r  of
m a g n itu d e  low er th an  the  in it ia l  su p ern o v a  explosion energy. H ow ever ,  m u ch  of
th e  energy  o f  a su p e rn o v a  in  a dense cloud  is p ro b ab ly  lost by  abso rp tion  on
dust,  and  rad ia t ion  in  the  in f ra re d ,  so the available  ene rgy  fo r  d is ru p t io n  o f  the
p a re n t  c loud  is only a small p o r t ion  o f  the  in it ia l  explosion k inetic  energy.
W heeler, M azu rek  & S iva ram akr ishnan  (1980) have  considered  this p ro b lem  and
conclude  th a t  large clouds, w ith  M c > 104 M 0, will absorb  the  initial dynam ical
&
e ffec ts  o f  a su p ern o v a  explosion w ith  only small repr^cussions.  This c r i te r ionA
fo r  cloud su rv ival is easily sa tisf ied  fo r  the  spec if ic  case of  the DR21 m olecular  
cloud.
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In a hom ogeneous  m e d iu m , a supenova  re m n a n t  (SNR) passes th ro u g h  four  
ev o lu tiona ry  stages: (1) "E jec ta  dom ina ted" ,  or f ree  expansion  ( R s <x t); T he  mass 
o f  the  e jec ta  exceeds th a t  sw ep t up  in  the am b ien t  m ed iu m  so th a t  m ost o f  the 
energy  is in k ine tic  fo rm . (2) "Sedov-Taylor" , o r  ad iaba tic  (R s oc t 2/ 5); The 
s w e p t -u p  mass, M s , exceeds the total e jec ted  mass fo r  R s > 1.9 ( M s/ M  0 ) 1 / 3 
( n / 1 0 4 c m ' 3 ) ' 1/ 3 pc, and  b e y o n d  this rad ius  the  evo lu tion  o f  the rem n an t  
app roaches  the  S ed o v -T ay lo r  s im ila r i ty  solution (Sedov 1959). (3) "R adia tive" (R s 
oc t 2/ 7); E n e rg y  losses d ue  to rad ia t ion  lead to the fo rm a tio n  o f  a cold dense 
shell su rro u n d in g  a ho t in te r io r .  (4) "M erge w i th  the  in te rs te l la r  m edium "; When 
the shell ve locity  is com p arab le  to the  r.m.s. ve locity  in  the  ISM an d  the
pressure  is com parab le  to the  a m b ie n t  value, the  SN R  merges w ith  the ISM.
M odels  descr ib ing  the  ev o lu tion  o f  a T ype  II SN in a dense m olecu la r  cloud 
have been  p resen ted  by (Shull 1980a an d  W heeler, M azu rek  & S ivaram akrishnan  
1980). T h e  in it ia l  f ree  ex p ans ion  an d  ad iaba tic  (Sedov) phases are ex trem ely  
short ,  and  at h igh  cloud densities  m ay  even be absent. T he  expansion  quick ly  
evolves to the  rad ia t ive  phase  (100 yr a t n = 104 c m - 3 ), thus fo rm in g  a cold, 
dense  shell w h ich  m oves o u tw a rd  ju s t  inside a shock f ro n t  o f  rad ius  R s and
velocity  V s . A s im ila r i ty  analysis o f  the  mass, m o m e n tu m  an d  energy 
conserva tion  equations results  in  the  fo llow ing  se lf -s im ila r  solutions.
Rs ( t )  = 1 . 3 x 1 0 " 11 ( E 0/ n 0 ) 3 / 14 ( t ) 2/ 7 p c  ( 6 . 4 . 6 a )
Ys ( t )  = 9 . 8 x l 0 5 ( 1 / A )  [ R s ( t ) / t ]  k m s~ 1 ( 6 . 4 . 6 b )
Ms ( t )  = 3 . 5 x 1 0 " 2 £ 4 / 3  x [ R s ( t ) ] 3 j n 0 M0 ( 6 . 4 . 6 c )
w here ,  A = 3.5, and V s, E 0, n 0 and  t are in  k m s- 1 , erg, c m - 3  and  sec,
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respectively .  T h e  q u an t i ty ,  A , is a constan t w hich  varies  f ro m  m odel to m odel, 
bu t  is a lw ays o f  o rd e r  u n i ty  (Shull 1980a). F itt ing  the  ado p ted  values o f  R s, V s 
and  n 0 w ith  this m odel requ ires  an age, t = 1 .8 x 1 0 4 y r,  an  initial explosion 
ene rgy ,  E 0 = 9 x l 0 43 erg , and  a c u r re n t  shell mass, M s = 5000 M 0. These  age 
and  exp los ion  energy  estim ates  are  cer ta in ly  well w ith in  the expec ted  range for  
a su p ern o v a  having  occu rred  w ith in  the DR21 m olecu la r  c loud in the recen t 
past.
A n  est im ate  o f  the  e f f ic ien cy  o f  energy  conversion  f ro m  the  initial 
im puls ive  ev en t  to the  s w e p t -u p  shell can be de r ived  f ro m  the fo llow ing ratio
S ( t )  = [ l / 2 M s ( t ) [ Y s ( t ) p ] / E 0 , ( 6 . 4 . 7 )
T h e  e f f ic ie n cy  of  energy  convers ion  in  this case is, ¿>(t = 1 .8x104 yr) »  30%. 
F u r th e rm o re ,  the  total l i fe t im e  o f  the H 2 em itt ing  phase is, t / u m  = 5 x 1 0 4 yr, 
and , t l u m / ^ d i s s  ~
T h e  m o m e n tu m  invo lved  in  supernovae  can be es tim ated  f ro m  models of  
these events . T ype  II SN p ro b ab ly  e jec t  a mass o f  a t least 4 M  0 w ith  a 
velocity  o f  ~ 4000 km s- 1 , co rrespond ing  to an e je c ta  m o m en tu m  o f  3 x 1 0 4 2 
gem s- 1 , w hereas  T ype  I SN p ro b ab ly  involve less mass, bu t  som ew hat h igher  
velocities. T h e  m odel o f  C heva lie r  (1980) w h ich  gives a good f i t  to observed  SN 
ligh t curves, yields a m o m e n tu m  o f  2 .4 x 1 0 4 2 g e m s- 1 , no t too d issim ilar to the 
T y p e  II SN. It thus  appears  th a t  a m o m e n tu m  conserv ing  supernova  explosion, 
w h ich  is a lm ost ce r ta in ly  the  case fo r  cond itions  w ith in  dense m olecu la r  clouds, 
can t ra n s fe r  a t least 2 x 1 0 4 2 gem s-1 to its im m ed ia te  environs. This  available 
source  o f  m o m e n tu m  is com parab le  in  m agn itude  to the  de r iv ed  m o m en tu m  of 
the  D R21 outflows; in  th is  respect,  a  supernova  explosion  possessess a d is tinc t
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advan tage  over  the  stellar w ind  m odels investiga ted  below , w hich  are  all 
m o m e n tu m  d ef ic ien t .
T h e  s t ru c tu re  o f  an  e m b b e d e d  SN R  is not well d e f in e d  b u t  is expec ted  to 
consist o f  a ho t  X - r a y - e m i t t i n g  in te r io r ,  su r ro u n d e d  by a th in  H II shell at ~ 
104 K  fo llow ed  by  a m ore  ex tended  zone o f  w a rm , partia lly  ionized  gas 
p ro d u ced  b y  the  p e n e t ra t in g  X - ra y s  (the th ickness  o f  this X - r a y  precursor  
d ep en d s  on the  a m b ie n t  cloud density ,  being ex trem ely  th in  a t  the  densities 
conside red  here). In this neu tra l  shell, m ost o f  the  x - ra y s  are reprocessed  into 
in f ra re d  by  gra ins , w h ich  are  hea ted  toge ther  w ith  the  gas to tem p era tu res  ~ 
300 K . A ssum ing  a S N R  lum inosity  evo lu tion  o f  the fo rm , L(SN) oc t - ?/ B (Shull 
1982), then  fo r  the  values o f  explosion energy  and  c loud  density  calculated  
above, Shull’s m odel p red ic ts  a bo lom etric  lum inosity  > 104 L 0 at  a tim e 104 
y r  a f te r  the  explosion  ev en t ,  in fa ir  ag reem en t w ith  the  observed  bo lom etric  
lum inosity  o f  the  DR21 reg ion  (~ 10 s L 0). C learly , the  de tec t ion  of  hard  
X - ra y s  w h ich  escape the  c loud  w ould  be a key d is t ingu ish ing  fea tu re  o f  the 
S N R  and  w ould  u n eq u ivoca lly  p rove  the  existence o f  a S N R  w ith in  the  DR21 
c loud  core.
6.4.(c) T H E  S T E L L A R  W IND M O D E L S
T h e  evo lu tion  o f  a w in d  d r iv en  shell can fall  in to  e i ther  o f  tw o regimes; 
the  m o m e n tu m  conserv ing  case (S teigm an 1975) or  the  en e rg y  conserv ing  case 
(Castor et al. 1975). T h e  fac to r  th a t  d if fe ren t ia tes  b e tw een  the  two cases is the 
ab ili ty  o f  the h o t  shocked  m ater ia l  inside  the  shell to sustain  its tem p era tu re  
and  thus exer t  p ressure  fo rces  on the shell. T h e  q u an ti té s  tha t  de te rm ine  
w h e th e r  or n o t  this will occu r  are L w , the k ine tic  energy  in p u t  ra te  o f  the
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stellar w ind , and  L r , the  rad ia t ive  losses o f  the  hot m ater ia l  in te r io r  to the
shell. F o r  L w )> L r , the  losses are neglig ib le , the  in te r io r  pressure  o f  the  bubb le  
is s ign if ican t ,  and energy  is conserved. If  L w i  L r , the  hot shocked  stellar 
w ind  gas cools rap id ly ,  no pressure  forces exist, and  m o m en tu m  conserva tion  is 
the  b e t te r  app ro x im atio n .  As exp la ined  by D yson (1984), the m ost sensitive 
p a ram e te r  w h ich  d e te rm ines  the  c u r re n t  state o f  the energy  bud g e t  at the
in te r face  reg ion , separa ting  the  stellar w ind f ro m  the am b ien t  c loud , is the 
stellar w ind  velocity ,  and  hence , the  e ffec t ive  tem p era tu re  o f  the  pos t-shock  
w ind  gas. U s ing  an ap p ro x im a tio n  to the cooling fu n c t io n ,  ap p ro p r ia te  fo r  the
te m p e ra tu re  reg im e 1 0 5 < T  < 1 0 7 K ,  D yson derives  the  fo llowing equation , 
w h ich  specif ies the  c rit ica l ve locity  a t w hich  the t rans it ion  f ro m  en erg y  to 
m o m e n tu m  conse rva tion  occurs  in a m ed iu m  o f  spec if ied  p re - sh o c k  d ens ity  n 0
YCr i t  = 500  ( n 0 n 0 Mw W 3 k m s ' 1 ( 6 . 4 . 8 )
w h ere ,  M w , is the  cha rac te r is t ic  stellar mass loss rate. Substitu ting , n 0 = 1 0 4
c m ' 3, w h ich  is the  m ean  density  assum ed to charac ter ise  the  DR21 cloud  core,
gives 300 < V cr jt < 500 k m s ' 1, fo r  the  correspond ing  mass loss range  1 0 ' 6 < 
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M w < 1 0 ' 4 M 0 y r ' 1. I t  is im p o r ta n t  to no te  th a t  the above equa tion  applies
only  to the special case of  a pu re ly  spherica l s tellar w ind  w ith in  a 
hom ogeneous ,  cons tan t  densi ty  m olecu la r  cloud.
(i) A N  E N E R G Y - D R I V E N  S T E L L A R  WIND (V w > V c r i t )
D u r in g  this phase the ou tf low  system has a fo u r  zone s t ru c tu re ,  shown 
schem atica lly  in  F ig .(6 .4 .la ) ,  consisting o f  (a) an innerm ost ,  hyperson ic  stellar 
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FIGURE 6.4.1 : (a) An energy-driven wind (Weaver et al 1977).
The stellar wind is divided into four distinct regions: (a) the 
supersonic stellar wind,(b) the shocked stellar wind,(c) the shocked 
ambient medium, and (d) the preshock ambient medium. The two 
shocked gases (b) and (c) are divided by a contact discontinuity.
FIGURE 6.4.1 : (b) A momentum-driven wind (Steigman 1975). The 
relatively low-velocity stellar wind impinges directly onto the 
dense swept-up shell of ambient cloud matter which forms as a 
result of efficient cooling of the shocked gas.
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a ho t ,  a lm ost isobaric  reg ion  consisting  o f  shocked  stellar w in d  m ixed  w ith  a 
small f rac t io n  o f  the  s w e p t -u p  cloud gas; (c) a th in ,  dense , cold shell at radius 
R s e x p an d in g  at  a ve locity  V s and  con ta in ing  most o f  the  s w e p t -u p  am bien t  
c loud  gas; (d) a m b ie n t  m olecu la r  cloud gas of  density  n 0. W eaver, M cC ray  & 
C astor (1977) and Shull (1980b) discuss the  evo lu tion  o f  this type  o f  model. 
Basically, the  s w e p t -u p  shell o f  am b ien t  cloud m ater ia l  (reg ion  c) is assum ed to 
be th in  and is separa ted  f ro m  the shocked stellar w ind  (region b) by a contact 
d isco n t in u i ty  (at rad ius  R s f ro m  the  star) ,  and the  expanson  o f  the  shell is 
p r im ar i ly  due  to therm al p ressure  o f  the hot in te r io r ,  reg ion  (a).
A ssum ing  th a t  rad ia t ive  losses are  negligible, then , f ro m  the conservation 
equations fo r  mass, m o m e n tu m  and energy , a s im ila rity  analysis results  in the 
fo llow ing  re la tionsh ips
Rs ( t )  = 5.  4 x 1 0 ' 1 0 ( 1 2 5 / 1 5 4  tt) 1/ *  ( L ^ / n J 1/ 5 t 3 / s  PC ( 6 . 4 . 9 a )
Ys ( t )  = 9 . 8 x 1 0 s ( 1 / A)  [ R s ( t ) / t ]  k m s ' 1 ( 6 . 4 . 9 b )
w here ,  A = 5 /3  an d  R s, L w , V s, and t a re  m easured  in pc, e rg s - 1 , k m s -1 and
sec, respec tive ly .  T h e  mass o f  m ater ia l  in  the s w e p t -u p  shell, M s , is g iven  by
eqn.(6.4.7c). Substi tu t ing  the  re lev an t  values ado p ted  fo r  the  DR21 o u tf low , a
w in d  m echan ical  lum inosity  o f ,  L w = l . l x l O 38 e rgs- 1 , a t  a t im e, t = 3.8X104
c
y r  is ob ta ined . T h e  in teg ra ted  energv  im p a ted  by the  stellar w in d  over its en tire
A
l i fe t im e  is th e re fo re ,  E w ~ 10 50 erg; no te  th a t  this is com parab le  in m agn itude  
to the  in s tan taneous  energy  released d u r ing  a SN explosion (viz. Sec.[6.4.(b)]). 
T he  lum inous  H 2 line em itt ing  phase lasts fo r  a pe r iod ,  t ¡u m  = 3x10 s yr, and 
the  re la tive  l ife tim es  o f  the  lum inous  to dissociated phases is, ^ iu m / ^ d i s s  ~  
a fa c to r  o f  th ree  longer th a n  the  explosion m odel. T h e  e f f ic ien cy  o f  m o m en tu m ,
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a, and  en erg y ,  5, t ran s fe r  f rom  the stellar w in d  to the  o u tf low  m ater ia l ,  
id e n t i f ie d  w ith  the s w e p t -u p  shell, are s im ilarily  expressed  as follows
cr = ( 1 5 / 7 7  ) (Yw/Y s ) a n d  5 = ( 1 5 / 7 7 ) ( 6 . 4 . 1 0 )
T h u s ,  f o r  the  case o f  an en e rg y -d r iv e n  w ind ,  5 = 19%. This  is in rough 
ag reem en t  w ith  the  CO observations p resen ted  in Sec.[4.3], w h ich  ind ica te  tha t 
the m echan ical  lum inosity  o f  the ou tf low  gas is an o rd e r  o f  m ag n itude  lower 
th an  the above ca lculated  lum inosity  o f  the stellar w ind . Also, it  is w orth  
no ting  th a t  a  can  becom e very  large i f  V w )> V s.
(ii) A M O M E N T U M - D R I V E N  S T E L L A R  WIND (V s « V c r i t )
I f  the  ste llar w in d  velocity  is re la tively  low, the re  is no tru e  ad iaba tic  
expansion  phase , and  the  evolution is governed  m ain ly  by m o m e n tu m  
conserva tion  w ith  the  w in d  m om en tu m  im p ing ing  d irec tly  onto the shell o f  
s w e p t -u p  c loud  m atte r .  T h e  shock s t ru c tu re  expec ted  in this m odel is shown 
schem atica lly  in  F ig .(6 .4 .lb ) .  A gain , the w ind  lum inosity  and  o u tf low  age can be 
d e te rm in e d  f ro m  a se lf -s im ila r i ty  so lution o f  the conserva tion  equa tions ,  thus 
giving
w h ere ,  A = 2 and  M s is again  given by  eqn.(6.4.8). H ere ,  M s, V s, and  R s are 
in  M 0, k m s - 1 , and pc, and are  id en tif ied  w ith  the mass o f  s w e p t -u p  m ateria l ,
Rs ( t )  = 8 . 2 x 1 0 " 1 1 [ 6/(2-*-) 31 / -  [ L W/ ( Y W n 0 ) ] ’ / <  W * ( 6 . 4 . 11a )
Ys(t) = 9.8x10s (1/A) [Rs(t)/t] ( 6 . 4 . l i b )
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the o u te r  shock  velocity  and rad ius , respectively .
As can  be seen f ro m  eqn.(6.4.8), the u p p e r  lim it f o r  V w tha t  satisfies
m o m e n tu m  conserva tion  is, V w < 500 k m s - 1 . T h e  m echan ica l  lum inosity  and
age re q u ire d  to f i t  the  observed  rad ius  and velocity  o f  the DR21 ou tf lo w  source
are th e n  3.4X1038 L 0 and 3 . 2 x l 0 4 y r ,  respectively; ca lcu la ted  fo r  an assum ed
stellar w ind  te rm ina l  ve locity  of, V w = 300 k m s-1 (Simon et al. 1983; Persson 
4
et al. 198$; G a rd e n  & G eballe  1986). T h e  total m echan ical energy  expended  is 
3 . 4 x l 0 50 erg, the  lum inous H 2 line em itt ing  phase lasts fo r ,  t i u m  = 2 x 1 0 5 yr, 
an d ,  ^ lu m / ^ d i s s  ~  ^5. F u r th e rm o re ,  the  e ff ic ienc ies  o f  m o m e n tu m  and  energy  
tra n s fe r  f ro m  the  w ind  to the s w e p t -u p  shell are, respectively
cr = 1 a n d  5 = (Ys /Y w ) ( 6 . 4 . 1 2 )
T h u s ,  in  con tras t  to an e n e rg y -co n se rv in g  w in d ,  the  t ra n s fe r  o f  energy  in  a 
m o m e n tu m -c o n se rv in g  w ind  is m ost e f f ic ie n t  w h en  V w  and  V s are  of 
com p arab le  m agn itude . C om paring  the values o f  b ob ta in ed  f ro m  the ene rgy  and 
m o m e n tu m  m odels , gives the  im p o r ta n t  resu lt  th a t  an e n e rg y -d r iv e n  w in d  is 
m ore  e f f ic ie n t ,  by  the  fac to r  (1 5 /7 7 )(V W/ V S), th a n  a m o m e n tu m -d r iv e n  w in d  at 
im p a r t in g  b u lk  k inetic  energy  (and m o m en tu m ) to the  su r ro u n d in g  a m b ie n t  cloud 
m ed iu m ; here ,  8 =  8% as com pared  to 20% ob ta ined  using the  energy
conse rv ing  m odel. U n d e r  c ircum stances  w here  the w ind  velocities are large, an 
e n e rg y -d r iv e n  w ind  th e re fo re  facil i ta tes  m ore  e f f ic ie n t  en e rg y  and  m o m en tu m  
t ra n s fe r  to the  su rro u n d in g  am b ien t  m ed iu m  th an  does a m o m e n tu m -d r iv e n  
w ind .
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A S T E L L A R  W IND IN A C L O U D  WITH A R A D IA L  D E N S IT Y  G R A D IE N T
(iii)
In  an  a t te m p t  to add som e degree o f  rea li ty  to the  a fo re m e n t io n ed  models,
the  evo lu tion  o f  a stellar w ind  em b ed d ed  w ith in  a cen tra l ly  condensed  molecular
cloud ch a rac te r ized  by a var iab le  density  d is t r ib u t io n  will n o w  be investigated.
A rad ia l p o w e r - la w  density  d is tr ib u t io n  is assum ed , i.e. p = p 0 ( r / r o )0.  The
reason  fo r  this choice is tw ofo ld . F irst ,  postu la ting  a s im ple  radial  p o w e r- la w
d is t r ib u t io n  preserves the  abili ty  to express the h y d ro d y n am ics  in  a se lf -s im ila r
fo rm  (D yson 1984). T he  second, and most fu n d a m e n ta l  reason , is tha t  during
the  epoch  o f  c loud collapse, leading to s tar fo rm a tio n ,  the  pro toste lla r  core 
e
accrets  m a t te r  fa s te r  than  the  rest o f  the  c loud , thus lead ing  to a localized 
A
d ensity  g rad ien t ,  cen tred  on the accre tion  core. S e lf -s im ila r  solutions to the 
g rav ita t iona l  collapse o f  m olecu la r  clouds show tha t ,  (3 = - 3 /2 ,  ( f ree  fall) in the 
in n e r  core reg ion  and , ¡3 = -2 ,  in  the  ou te r  acc re t io n  enve lope  (M ouschovias 
1976; Shu 1977). T he  evo lu tion  o f  a s tellar w in d  w i th in  a m e d iu m  charac ter ized  
by  a rad ia l  dens ity  g rad ien t  has been  s tud ied  analy tica lly  by  Konigl(1982),
Dyson (1984) and K w o k  & Volk (1986). These au tho rs  discuss the  well know n
fac t  th a t  i f  mass conservation  applies in  a steady  m ass-loss process, then  the
rad ia l ve locity  s t ru c tu re  of  the w ind  is in h e ren t ly  re la ted  to the  pa r t icu la r  form  
o f  the  rad ia l  densi ty  d is tr ibu tion  o f  the  su rro u n d in g  am b ien t  m ed ium . F or  such 
a m ass-co n se rv in g  ou tf low , it  is sim ple to p rove  th a t  (i) i f  (3 > -2 ,  then  the
stellar w in d  shell decelerates m onoton ica lly  w ith  t im e , (ii) if  0 < -2 ,  th en  the
shell undergoes  rap id  accelera tion , lead ing  to the  onset o f  R ay le ig h -T ay lo r  
instabili t ies  and  resulting  in  p re m a tu re  d is ru p t io n  o f  the  shell, an d  (iii) i f  (3 = 
-2 ,  th en  a constan t  velocity  f low  results.
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T h e  tim e  evolu tion  o f  R s and  V s can again be solved using a simple 
s e lf - s im ila r  analysis, w ith  the results
Rs ( t )  = [ C  Lw/ ( P o r - ^ ) ] i / ( 5 + / 3 )  [ t ] 3 / ( 5+0 )  ( 6 . 4 . 1 3 a )
Ys ( t )  = 3 / ( 5 + 0 )  [ R s ( t ) / t ]  ( 6 . 4 . 1 3 b )
Ms  = 4 r / ( 3 + 0 )  ( p 0r - P)  [ R s  ](3+/3) ( 6 . 4 . 1 3 c )
a n d
Lvy = 1 . 7 x l 0 ' 4 Ms  Y |  R ^ 1 [ (77+29(3+2/32 ) / 1 8  ] L 0 ( 6 . 4 . 1 3 d )
w h e r e ,
C = [ ( 3 + 6 ) ( 5 + 6 ) 3 ] / [ 6 T ( 7 + 2 6 ) ( l l + 6 ) ]  ( 6 . 4 . 13e )
As  a trial exam ple ,  the  specif ic  case w here ,  0  = - 3 / 2  ( f re e - fa l l ) ,  will be 
considered . F or  this assum ed rad ia l dens ity  d is tr ibu tion ,  and  tak ing , n 0 = 1 0 4 
c m ' 3 at a rad ius  r 0 = 1.5 pc, as necessita ted  by the  H 2 observations,  the 
stellar w in d  lum inosity  is fo u n d  to be, L w = 1.1x10 3 8 L 0 , the  ou tf lo w  age is, 
t  = 5 .5 x l 0 4 y r ,  and the  mass o f  s w e p t -u p  am b ien t  c loud  m ate r ia l  par t ic ipa ting  
in  the ou tf lo w  is, M s = 1 0 4 M 0. T h e  du ra t io n  o f  the  lum inous  H 2 em itting  
phase  is now  t ¡u m  = 5 .5 x 1 0 7 y r,  several o rders  o f  m a g n itu d e  longer than  any 
o f  the  o th e r  m odels considered ; this is, how ever ,  no t  a rea lis tic  t im escale  as the 
fo rm a tio n  phase  o f  a massive s tar lasts fo r  only 10 5- 10 6 yr. A ltho u g h  the 
inc lusion o f  a radially  decreasing  am b ien t  density  d is tr ib u t io n  aids s ign if ican tly
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in sus ta in ing  the superson ic  ou tf lo w  velocities over an  ex ten d ed  pe r iod  of  tim e, 
the  add it iona l  mass tha t m us t  be m oved is rough ly  twice th a t  involved  in the 
constan t  dens ity  models. T hese  two opposing  effec ts  tend  to cancel each other 
ou t, thus  resu lting  in a va lue  o f  L w sim ilar  to tha t  req u ired  in the  constan t 
dens i ty  situa tion .
T h e  e f f ic ien cy  of energy  t ra n s fe r  is now  given by
a  = 3 ( 5 + 0 ) / [  ( 7 + 2 0 ) ( l l + / 3 ) ]  ( 6 . 4 . 1 4 )
w h ich ,  fo r  (3 = - 3 /2 ,  gives, <x =  28%; note tha t,  cr = 19%, fo r  the constan t 
dens i ty  case. As fo r  the (3 = 0 case, the  shell m o m en tu m  in an
e n e rg y -c o n se rv in g  in te rac t io n  can be m an y  times the  w in d  m o m e n tu m  (i.e. 5 > 
20 fo r  (3 =  - 3 / 2  an d  V w > 1000 k m s- 1 ; K w o k  & Volk 1986).
6.4.(d) A C O M P A R IS O N  O F  T H E  W IN D /E X P L O S IO N  M O D E L S
T h e  tim e evolu tion  o f  V s, R s and  L ( H 2) fo r  each o f  the fo u r  models 
d escr ibed  above are show n graph ica lly  in  F igs.[6.4.2a], [6.4.2b] and [6.4.2c], 
respectively . These  graphs g ive a clear p resen ta t ion  o f  the in f lu en ce  im p ar ted  by 
the  d i f f e r e n t  f low  s truc tu res  on the  observed  param eters .  T h e  m ain  points  to 
no te  are  as follows ;
(i) In the velocity  vs. t im e  plot, the  S N R  has the  s teepest dece le ra t ion , the 
e n e rg y -d r iv e n  w ind  w ith  (6 = - 3 / 2 )  has the slowest ra te  o f  decline, and  stellar 
w inds  w ith  ((3 =  0) fall in  b e tw een  these l im it ing  cases. This t re n d  results
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VSN.OAT
FIGURE 6.4.2a : A plot of velocity (km/s) against time (years)
for the swept-up shell created by four different wind models. 
The models investigated are (i) an explosion, (ii) a momentum- 
conserving stellar wind, (iii) an energy-conserving stellar 
wind in a constant density medium (b=0), and (iv) an energy- 
conserving stellar wind in a medium with a radially decreasing 
density gradient (b=—3/2). The basic assumptions are that the 
ambient cloud density, n=l(4)cm-3, and shell-velocity, 
Vs=25kms-1, at a shell radius, Rs=lpc, as defined by the H2 
observations of the DR21 shock-excited outflow.
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FIGURE 6.4.2b : A plot of shell radius (pc) against time (years)





FIGURE 6.A.2c : A plot of shock luminosity (Lo) against time
(years) for the four wind models as described in Fig.[6.4.2a],
p r im ar i ly  f ro m  a com b in a t io n  o f  the re lative rad ia t ive  cooling e f f ic ienc ies  and 
am b ien t  dens ity  d is tr ibu tions  w h ich  d i f fe r  be tw een  the  d i f f e r e n t  models.
(ii) In the rad ius  vs. t im e  plot, the SNR ends up  w ith  the  smallest radius; a 
consequence  o f  the  rap id  dece le ra t ion  o f  the shell w h ich  results in  a lowering 
o f  the po s t-sh o ck  gas te m p e ra tu re  fo llow ed by  e f f ic ie n t  cooling via line 
rad ia t ion . In  s ta rk  con tras t  to the explosion m odel, an en e rg y -c o n se rv in g  wind 
(w ith  (3 = - 3 /2 )  undergoes  alm ost f re e -e x p an s io n  at superson ic  velocities for  
m ost o f  its dynam ical l ife t im e  ( > 106 yr); in all p ro b ab i l i ty ,  the  w ind  will 
even tua lly  ex p an d  to such  large rad ii  tha t a s ig n if ican t  p o r t ion  o f  its pa ren t  
m o lecu la r  cloud will be  d is rup ted . As befo re ,  the  stellar w inds  (w ith  (3 = 0) fall 
in be tw een  these two extrem es.
(iii) In the H 2 lum inosity  vs. tim e plot, the ra te  o f  dec line  is s teepest fo r  the 
SN explosion model; this again  results f rom  the onset o f  rad ia t iv e  cooling at an 
early  age, w h ich  con tinues  vigorously  th ro u g h t  the  r e m a in d e r  o f  the  SNR 
l ife tim e. T he  m o m en tu m  d r iv en  wind m odel also experiences  a m onoton ic  
decline  in H 2 line lum inosity  w ith  increasing  age, fo r  s im ilar  reasons, only  less 
severe. By def in i t io n ,  the  en e rg y -co n se rv in g  w in d  m odels (bo th  (3 = 0 and  - 3 /2 )  
necessarily  fo llow  constan t  H 2 lum inosity  tracks; this results  s im ply  because  bo th  
the  w ind  lum inosity  an d  the e f f ic ien cy  o f  energy  t ra n s fe r  to the shell are 
assum ed to be tim e invarian t.
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6.4.(e) R A D I A T I O N  P R E S S U R E  AS A D R I V I N G  A G E N T
To gain f u r th e r  u n d e rs tan d in g  o f  the physical n a tu re  o f  the  d r iv ing  
m echan ism  tha t  pow ers the energe tic  DR21 outflow s and  its re la t ionsh ip  to 
sim ilar  ou tf low  p h en o m en a  observed  in o ther  s ta r - fo rm in g  reg ions, it is 
in s tru c t iv e  to com pare  the m o m en tu m  transfe r  ra te  and  m echan ica l  lum inosity  of 
the  stellar w ind  tha t  supposed ly  drives  the observed  ou tf low s w ith  the rad ia t ive  
m o m e n tu m  f lux  and  rad ia t ive  lum inosity  o f  the cen tra l  s tellar ob jec t.  To derive  
these quan ti t ies ,  one m ust f irs t  decide  w he the r  the w ind  is energy  or m om en tu m  
dr iv en ,  as the  results will d i f f e r  depend ing  on w hich  m odel is chosen (Dyson
1984). Y et  an o the r  a l te rna tive ,  w h ich  has been  the m ost com m on app roach  so 
fa r  tak en  by  m ost observers , is to naively  consider only  the energetics  and
k inem atics  o f  the  ou tf low  m ater ia l  (as der ived  d irec t ly  f ro m  observations o f  the 
h ig h -v e lo c i ty  CO emission), thus  bypassing an analysis o f  the  w in d  itself; this
app ro ach  will be  p u rsu ed  here  only to fac il i ta te  a com parison  o f  the  DR21 
ou tf low  w ith  the  results fo r  observations o f  o ther  o u tf low  sources.
To derive  these quan tit ies ,  the  ou tf low  dynam ica l  l i fe t im e  ( t^  = E -h v f /V h v f  
«  2 p c /3 0 k m s _1 = 5 x 1 0 4 yr) is used to estim ate  the  average  fo rce  req u ired  to
9
drive  the  f low  (P ^ y f  = P h v fA d )  an ^ the  m echan ical  lum inosity  o f  the f low
( L ^ y f  = E h v f A d ) ’ a n h the f a r - in f r a r e d  lum inosity  is used to est im ate  the 
rad ia t ive  lum inosity  (L*) and rad ia t ive  m o m e m tu m  f lu x  (L * /c) .  E s t im ates  of  
P ^ y f  and L ^ y f  fo r  the DR21 ou tf low  are d e r iv ed  using values f o r  the  f low
k ine tic  en e rg y  and m o m en tu m  as quo ted  in  Table(5.2.1). F o r  the e n e rg y -d r iv e n  
stellar w in d  m odel a w ind  velocity , V w = 2000 k m s ' 1 is assum ed, and  fo r  the 
m o m e n tu m -d r iv e n  model a w ind  velocity  o f ,  V w = 300 k m s -1 is taken  (see
Sec.[6.4.c]). U s ing  these param ete rs ,  the  rations o f  the  w in d /o u t f lo w  m echan ical
lum inosities  to the stellar rad ian t  lum inosity  are  as follows;
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Lw (energy-driven)/L* = [ (77/9)(Ehvf/td) ]/L* = 0.02
Lw(momentum-driven)/L* = [ (Phvf/td)^w]/^* = 0.12 (Yw/300kms‘1)
Lhvf/L* = (Ehvf/td)/L* = 0.005
T h e  co rresp o n d in g  ratioes o f  the  w in d /o u tf lo w  m o m e n tu m  fluxes to the stellar 
rad ian t  m o m e n tu m  f l ux are as follows;
Pw(energy-driven) (154/9)[ (Ehvf/td)/Yw ]
----------------  =   = 7.4 (2000 kms'1 /Yw )
( L * / c )  ( L * / c )
0
Pw(•momentum-driven) [ 2 (Pj-,vf/td) ]
     =    =  200
( L * / c ) ( L * / c )
Ehvf/(E*/c) = (P^vf/td)/(L*/c) = 100
F ig .[6.4.3], is s im ilar  to th a t  discussed by  L a d a  (1986), an d  displays a plot 
o f  the  m echan ical  lum inosities  (L ^y f)  fo r  all the  o u tf lo w  sources observed  to 
date  against the  total rad ian t  lum inosity  (L*) o f  th e ir  associated  cen tra l  driv ing  
objects . A lth o u g h  the sca tter  is large, there  appears  to be a genera l correla tion  
be tw een  m echan ica l  and bo lom etr ic  lum inosities  w h ic h  ex tends  over a t least five
orders  of  m agn itude  in lum inosity . T he  location  o f  DR21 in this plot is
consis ten t w ith  the  genera l t ren d  show n b y  the o th e r  ou tf lo w  sources. Being one
o f  the  m ost lum inous s ta r - fo rm in g  regions ye t observed , it  is the re fo re
acceptib le  th a t  DR21 should  exh ib it  a considerab ly  la rge r  m echan ica l  lum inosity  
th an  a n y  o f  the  o ther  o u tf low  sources, th a t  is, a p ^ a r t  f ro m  the  O rion  ou tf low
215
source  w h ich  is o f  com parab le  bolom etric  lum inosity  and hence is the closest 
po in t  to DR21 in this plot. T h e  p ro m in en t  location o f  DR21 in this plot clearly  
i llustra tes  tha t  the m echan ical  lum inosity  associated  w ith  the  DR21 s ta r - fo rm in g  
reg ion  is u n iq u e  w ith  respec t  to the m a jo r i ty  o f  o th e r  p resen t ly  know n ou tflow  
sources. O bv iously ,  selection e ffec ts  play an im p o r ta n t  role in de te rm in g  the 
app ea ran ce  o f  this d iag ram , as, ow ing to the  n a tu re  o f  the star fo rm ation  
process, the re  are  m an y  m ore  low -lu m in o s i ty  th an  h ig h - lu m in o s i ty  s ta r - fo rm in g  
regions available  fo r  study . Also p lo tted  in this d iag ram  is the  re la tion , L ^ y f  = 
L*, w h ich  def ines  a b o u n d a ry ,  below w h ich  the outf low s can be d r iv en  solely 
by the  rad ian t  lum inosity  o f  the cen tra l  ob jec t.  As all the  sources fall below 
this line, it  seems feasib le  th a t  the  energy  in the  rad ia t ion  fie ld  is su ff ic ien t  to 
d r ive  the flows, inc lud ing  the  e x t re m e ly - lu m in o u s  DR21 ou tf low , how ever,  
un reasonab ly  large en erg y -co n v ers io n  e ff ic iencies  are  requ ired .
9
i
To investiga te  f u r th e r  the  l ik e l ih o o d  o f  a r a d ia t io n -d r iv e n  m echan ism , it  is 
in fo rm a tiv e  to p lo t the d is t r ib u t io n  o f  P h v f  ( ^ e  d r iv ing  force)  against L*, as 
show n in F ig .[6.4.4], A gain , DR21 unveils  i tse lf  as be ing  the  most p o w erfu l  and 
lum inous  ou tf lo w  source, yet know n. M oreover ,  as all the  points lie above the 
l ine  d e f in ed  by, P ^ v f  = L * /c ,  it  appears  th a t  the available  rad ia t ion  p ressure  o f  
the  cen tra l  rad ia t ive  o b je c t  is in su f f ic ien t  to d r ive  the  observed  flows.
T he  above com parison  o f  the energetics o f  the  DR21 ou tf low  w ith  outf low s
in o ther  s ta r - fo rm in g  reg ions reveals two ve ry  im p o r ta n t  facts. F irs tly , the  DR21
o u tf low  appears  to be un iq u e  w ith  respec t  to its ex trem e  m echan ica l lum inosity
and  requis ite  m o m e n tu m  t ran s fe r  rates, p re su m ab ly  because  i t  has a larger
rad ia t ive  lum inosity  and thus p robab ly  also a m ore  massive s ta r - fo rm in g  core
th an  most o the r  p resen tly  k n o w n  ou tf low  sources. Secondly , the d is tr ibu tions
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FIGURE 6.4.3 : A plot of wind mechanical luminosity versus
radiant luminosity of the central object for all outflow sources 
observed to date (adapted from Lada 1986) . The positions of the 
DR21 and Orion outflow sources are indicated. Also shown is the 
line that corresponds to the limiting condition where the luminosity 
of the flow equals the radiant luminosity of the central driving 









FIGURE 6.4.4 : A plot of the force required to drive the outflow
versus the radiant luminosity of the central object for all 
outflow sources observed to date (adapted from Lada 1986). The 
positions of the DR21 and Orion outflow sources are indicated. Also 
shown is the line that corresponds to the condition that the 
force required to drive the observed flow equals the radiant force 
available from the central object (assumes single scattering). For 
all of the outflow sources, including DR21, the mechanical force 
required to drive the flow exceeds the available radiant force by 
several orders of magnitude, thus, radiation pressure alone is 
incapable of explaining the observed high-momentum fluxes 
that are ubiquitous to all outflows.
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not anom alous re la tive  to o th e r  ou tf low  sources, bu t fo rm s a h igh  lum inosity  
ex tension  to the general t rend . F ro m  this fac t ,  it is suggested  tha t  the na tu re  of  
the cen tra l  d r iv ing  m echan ism  (to be discussed fu r th e r  in  Sec.[6.5.b]) which 
sustains the en igm atic  o u tf lo w  ac tiv ity  associated w ith  the  DR21 reg ion  m ay be 
sim ilar  to tha t  o f  the  lo w er- lu m in o s i ty  ou tf low s fo u n d  in o the r  s ta r - fo rm in g  
regions. It  is th e re fo re  conceivable  th a t  a single, universa lly  app licab le  driv ing  
m echan ism , w h ich  scales in  p ro p o r t io n  to the  rad ia t ive  lum inosity  o f  the  central 
o b jec t ,  m ay  be su f f ic e n t  to expla in  the  ub iqu it ious  o ccu rrence  o f  the ou tf low  
p h en o m en o n  over  a w ide  range  o f  bo lom etric  lum inosity .
6.4.(f) S U M M A R Y  O F  T H E  W IN D /E X P L O S IO N  M O D ELS
To sum m arize  the  above  discussion, it  is fo u n d  tha t  a su p ern o v a  explosion
orig in  fo r  the observed  o u tf low  ac tiv i ty  is energe tically  feasib le  and  has the
advan tage  th a t  it can n a tu ra l ly  supp ly  the large k ine tic  energies and m om en tu m
fluxes req u ired  to d r ive  the  observed  f lows and  p ow er  the  sh o c k -e x c i te d  H 2
emission. T h e  su p ern o v a  m odel is, how ever ,  p lagued  by  several p rob lem s, the
m ost im p o r ta n t  being th a t  an  explosion will im p a r t  the  bu lk  o f  its e n e rg y  into a
ve ry  com pac t  reg ion  (< lp c )  and  th e re fo re  can n o t  expla in  the  ex ten d ed  ou tf low
stru c tu re  observed  in  the DR21 reg ion , w h ere  h ig h -v e lo c i ty  ou tw ard  m otions are
observed  over a rad ia l  d is tance  f ro m  1 -  3 pc. In this respect,  the  ste llar wind
m odels, w h ich  con tinuously  in jec t  f re sh  supplies o f  energy  into the  system , are
m ore  advan tageous  as they  can excite  shocked  H  2 line em ission over a larger
rad ia l ex ten t  and  thus give a b e tte r  f i t  to the observations. Stellar w inds also
have  the  add it iona l  advan tage  tha t  t h e r i  longer rad ia t ive  l ife tim es im ply  tha tA
th ey  should  be m ore  f re q u e n t ly  observed  than  explosive events. M oreover ,  the 
inc lusion  o f  a rad ia lly  decreasing  density  d is tr ibu tion  s ig n if ican tly  aids in
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pro long ing  the  per iod  o f  supersonic  gas f low  and  associated sh o c k -e x c i te d  H 2 
line em ission. C onseq u en t ly ,  this is expected  to be the  m ost com m on type  of  
w in d  s t ru c tu re  w ith in  the  dense  cores o f  s ta r - fo rm in g  m olecu la r  clouds.
As fo r  the  o r ig in  o f  the  d riv ing  m echan ism , it  appears  tha t  the rad ia t ive  
lum inosity  o f  a typ ica l h ig h -m ass ,  m a in -seq u en ce  star, o f  the  same bo lom etric  
lum inosity  as the DR21 f a r - in f r a re d  source, fails to supp ly  su f f ic ie n t  rad ian t  
p ressure  to d r ive  the observed  ou tflow s, by one o rd e r  o f  m ag n itude  for  
e n e rg y -d r iv e n  w inds and  by m ore  than  two orders  o f  m ag n itu d e  for  
m o m e n tu m -d r iv e n  winds. In the most favourab le  case o f  an e n e rg y -d r iv e n  stellar 
w in d ,  m ore  th a n  10 m u lt ip le  scatterings in the line  p h o to n  are req u ired  to 
m a tch  the observations. This suggests tha t the lum inous  m a in -seq u en ce  O stars 
w h ich  give rise to the  com pac t  DR21 rad io  HII reg ion  m ay play a m in o r  role, 
i f  any , in  p o w er ing  the h ig h -v e lo c i ty  neu tra l  gas flows. It is, the re fo re ,  
conce ivab le  th a t  these flow s m ay requ ire  the  presence  of  a m ore  exotic  d riv ing  
m echan ism . A discussion o f  a lte rna tive  m echanism s and th e ir  applicab il i ty  to the 
m o m e n tu m  p ro b lem , is p resen ted  in the  fo llow ing  sections.
6.5 A N IS O T R O P IC  O U TFL O W S A N D  T H E IR  C O L L IM A T IO N
6.5.(a) W HY A N IS O T R O P IC  O U TFLO W S ?
In the p receed ing  section an  a t tem p t was m ade  to u n d e rs tan d  the  orig in  and 
tim e  evo lu tion  o f  the d riv ing  agent responsib le  fo r  pow er in g  the  observed  
ou tf low s in  the  DR21 s ta r - fo rm in g  region. F o r  s im plic i ty ,  the  analysis 
neccessarily  assum ed a spherica lly  sym m etr ic  w in d ,  how ever ,  the observations 
show  clear ev idence  fo r  an aniso trop ic  o u tf low  geom etry .  A  large n u m b e r  of
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m odels ,  enco rp o ra t in g  a b road  spec trum  of d i f fe re n t  physica l processes, have 
been  proposed  in the l i te ra tu re  to expla in  the co llim ation  o f  lum inous 
ex traga lac t ic  rad io  je ts  em ana ting  f ro m  active galactic  nuclei.  It seems reasonable  
to ex p ec t  tha t  the  focussing  m echan ism  responsib le  fo r  b ip o la r  m olecular  
ou tf low s w ith in  galactic  s ta r - fo rm in g  regions m ay be analogous, in a broad 
sense, to scaled dow n versions o f  the  esoteric ex traga lac tic  j e t  p h en o m en o n  
(K u n d t  1984). Due to the  possible im portance  o f  m agnetic  fields fo r  d irec t ing  
ionized  f lu ids along a p re fe red  axis, m an y  models have  invoked  m agnetic  e f fec ts  
as the  fu n d a m e n ta l  focussing m echan ism , how ever ,  the  presence  o f  a m agnetic  
f ie ld  is not an essential in g red ien t  as o ther  physical m echan ism s, such  as 
th e rm a l  pressure  c o n f in m e n t  in a n o n -m a g n e t ic  m ed iu m , can also crea te  
h ig h ly -co l l im a ted  jets (K onig l  1982; Sanders 1983).
In  the  fo llow ing  sections, d i f f e re n t  m ethods  are discussed fo r  the  focussing 
o f  an in it ia lly  spherica lly  sym m etr ic  w in d  located  at the  cen tre  o f  a f la t tened  
m o lecu la r  cloud. T he  physical characteris tics  p red ic ted  by  the  various m odels are 
th e n  co m p ared  w ith  those o f  the  DR21 hyperson ic  je ts  to d e te rm in e  w h ich  
m ode l best f its  the  available  observations.
6.5.(b) T H E  JE T  M O D E L S
T h e  evolu tion  of stellar w inds in  inhom ogeneous  m ed ia  has b een  stud ied  
theore t ica l ly  by Canto  (1980) and  K on ig l  (1982). These  au thors  show tha t  
o r ig inally  spherica l w ind  bubb les  can evolve into ovoids i f  the  cooling tim e  of 
the  shocked  w ind  is su ff ic ien t ly  short ,  or, in to  De Laval nozzles i f  rad ia t ive  
cooling is in h ib i ted  and ad iaba tic  cond itions  prevail.  As desc ibed  in  Sec.[6.4.(c)], 
the  co nd it ion  fo r  the fo rm a tio n  o f  an ad iabatic  stellar w in d  w ith in  a dense
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m olecu la r  c loud  m ed ium  is, V w > 500 k m s- 1 , else, the  m o m e n tu m  conserv ing  
case will be m ore  app rop ria te .
(i) E N E R G Y - D R I V E N  JETS
If  the (p ro to -)s te l la r  ou tf low s are indeed  ad iaba tic  then  the exciting
possib ili ty  arises tha t  the  physical conditions in these f lows may bear  some
resem blance  to the  physical conditions th o u g h t  to be charac te r is t ic  of
ex traga lac tic  je ts .  T he  evo lu tion  o f  an ad iabatic  w ind  bub b le  in an an iso trop ic
dens ity  d is t r ib u t io n  has been  s tud ied  analytically  by B lan d fo rd  & Rees (1974),
K o n ig l  (1982), and Sanders (1983), and num erica l ly  by N o rm an  et al. (1981 &
1986), H ard ee  (1982), Wilson & Falle (1985) and F e r ra r i  et al. (1986), to nam e
C
b u t  a few . It is im p o r ta n t  to note , how ever ,  th a t  these studies  s tr ik t ly  app ly  to 
ex traga lac t ic  plasm a je ts ,  and  req u ire  to be scaled dow n  by  tens o f  o rders  o f  
m a g n itu d e  in  bo th  pow er and  linear ex ten t  in  o rd e r  to fac il i ta te  d irec t  
com par ison  w ith  m olecular  outflows.
H yd ro s ta t ic  c o n f in m e n t  s im ply  m eans tha t the  gas pressure  inside the  je t  is 
ba lanced  by  the  p ressure  of  a su rro u n d in g  am b ien t  m e d iu m  (i.e. Pj(z) = P ex(z) ) 
so th a t  the  transverse  shape o f  the  je t  r(z) is d e te rm in ed  en tire ly  by  the 
pressure  g rad ien t  in  the  ex te rna l  m ed ium . T h e  fu n d a m e n ta l  characteris tics  
p re d ic te d  by  the  p ressure  con f ined  ad iaba tic  m odel  fo r  j e t  fo rm a t io n  w ith in  a 
f la t ten ed  am b ien t  dens ity  d is tr ibu tion  can be rough ly  sum m arized  as follows.
A ssum ing  mass conserva tion  along an ad iaba tic  je t ,  then , fo r  the  p o w e r - la w  
d is tr ibu tions
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r r o ( z / z o ) £ (6.5.1a)
Pj = p j 0 ( z / z 0 )Y ( 6 . 5 . l b )
Yj = Yj 0 ( z / z 0 )5 ( 6 . 5 . 1 c )
w h ere ,  r is the  je t  rad ius ,  pj is the je t  dens i ty ,  V j  is the  je t  ve locity ,  z is the 
rad ia l  d is tance  along the je t  and , z Q is the radial  d is tance  o f  the j e t  base (i.e. 
the  location o f  the transon ic  po in t) ,  the fo llow ing im p o r ta n t  re la t ionsh ip  results
F o r  the  special case o f  f re e -e x p an s io n ,  5 = 0, 6 = 1, and rj = -2 .
A m ore  in te res t ing  case is tha t  o f  a j e t  co n f in ed  by a p o w e r - la w  density  
p ro f i le  in  the  am b ien t  m e d iu m  o f  a f la t tened  cloud. Such a case was f irs t  
d iscussed  by B landfo rd  & Rees (1974), who deve loped  the T w in - E x h a u s t  M odel 
to exp la in  the  collim ation o f  b ipolar  plasm a je ts  in  rad io  galaxies an d  quasars. 
M ore  recen tly ,  K o n ig l  (1982) has app lied  the T w in -E x h a u s t  M odel to b ipo lar  
m o lecu la r  f low s, w here  the energy  source  is a young s tar  w ith  a s trong  stellar 
w in d ,  and  the  con fin ing  agent is a dense  m olecu la r  cloud. T h is  m ode l  has even 
been  used to expla in  the h igh ly  collim ated and  c lu m p y  s tru c tu re  o f  o p t ic a l / ra d io  
je ts  associated  w ith  young T  T a u r i  stars (T ap ia  e t  al. 1983; M u n d t ,  B rugel & 
B urke  1986). N o rm an  et al. (1986) no te  tha t  because  the  basic physics 
un d e r ly in g  the  T w in -E x h a u s t  M odel are  e f fec t iv e ly  scale in v ar ian t ,  th is  simple 
m odel  m ay be used to expla in  the  fo rm a tio n  o f  b ipo la r  je ts  fo r  a b ro ad  range 
of  as trophysica l env ironm ents .
77 = - 6-2e ( 6 . 5 . 2 )
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As the hot ad iaba tic  bub b le  of  stellar w ind  gas is acce lera ted  along the 
d irec t ion  o f  e longation  (i.e. paralle l to the  m in o r  axis o f  the  f la t ten ed  cloud),
the  in te rac tion  layer becom es su b jec t  to the R a y le ig h -T a y lo r  ins tab ili ty  w hich  
grows on a  t im escale  [ r /  ( d V / d t )  ] 1 / 2, and  w h ich  could  lead to the  fo rm a tio n  
o f  De Laval nozzles. F ro m  the  De Laval nozzle w h ich  fo rm s  the  base o f  the 
je t ,  w h ere  the  f low  becom es supersonic ,  the velocity  increases by  only  a fac to r  
o f  two to its asym pto tic  value, so is app rox im ate ly  constan t  (i.e. 5 = 0). If  the 
ex te rna l  p ressure  also obeys a p o w e r- la w  o f  fo rm , P ext «  r a , and  the je t
m ater ia l  has a ratio o f  spec if ic  heats y  (= 5 /3  and  7 /5  fo r  a tom ic  and 
m olecu la r  gas, respective ly) ,  then , e = - a / ( 2 y )  (B land fo rd  & Rees 1974; Sanders 
1983). In  th is  case, the  degree  o f  collim ation in  a p ressure  co n f in ed  je t  is 
increased  re la tive  to th a t  o f  a f ree  je t ,  p rov id ing ,  a  > - 2 y .
K o n ig l  (1983) and  Sanders (1983) no te  th a t  fo r ,  a  < -2 ,  p ressure  co n f in m en t  
is im possib le  since the  in te rn a l  j e t  p ressure  can n o t  fall as fa s t  as the p ressure  in 
the su rro u n d in g  am b ien t  m ed ium . If ,  how ever ,  a  >  -2 ,  th en  a je t  w ith  in itia lly  
g rea te r  in te rn a l  th an  c o n f in in g  p ressure  (i.e. an u n d e r - e x p a n d e d  je t )  could 
e ffec t iv e ly  "break  free" and  ex pand  free ly  w ith  e = 1, and  w ith  the  in te rna l  je t  
p ressure  d ro pp ing  as Pj oc r ~  2Y, or fas te r  than  the  a m b ien t  m ed iu m , until  the 
la t te r  p ressure  catches up and  the j e t  is once again  reco n f in ed .  As the  j e t  is 
com pressed  its in te rna l  p ressure  overshoots the  a m b ie n t  p ressu re  and  the  cycle 
of  events is repea ted . T h u s ,  the  sudden  expansion  o f  an  u n d e r - e x p a n d e d  je t  on 
e jec t io n  f ro m  the  De Lava l nozzle m ay  set up  a t ra in  of
c o m p re ss io n /ra re fa c t io n  waves th a t  p ropaga te  along the  len g th  o f  the je t.
D eta iled  num erica l  s im ula tions o f  the  p ro p ag a t io n  charac ter is t ics  o f  supersonic  
p re s su re -c o n f in ed  je ts  (see N o rm an ,  Smar & W inkler 1986, and  re fe rences
the re in )  c learly  ind ica te  th a t  p e r tu rb a t io n s  a t th e  je t  b o u n d a ry ,  in d u ced  either
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by  sudden  changes in the  ex te rna l p ressure  d is t r ib u t io n  or  the  n o n - l in e a r  g row th 
o f  lo n g -w av e len g th  K e lv in -H e lm h o l tz  instab ili tés ,  can g en era te  a succession of  
ob lique  ( in c id en t  and  re f lec ted)  shocks in te rn a l  to the  je t .  F u r th e rm o re ,  
R a y le ig h -T a y lo r  instab il i ty  o f  the cen tra l  cav ity  can m ake  the f low  in te rm it te n t  
(B landford  & K o n ig l  1979), and  also can in tro d u ce  large ch u n k s  o f  dense  cloud 
gas in to  the f low , w h ich  m ay then  be shocked  (C hoe & H en r ik sen  1986). These 
theore tica l considera tions  th e re fo re  p red ic t  the  occu rren ce  o f  r ich  m orphological 
s t ru c tu re  along the  en tire  length  o f  the  jets.
F or  low  ex te rna l  p ressures, and  hence  low M ach  n u m b ers ,  labora tory
ex per im en ts  ind ica te  th a t  these q u a s i-p e r io d ic  in te rna l  shocks, or "M ach disks", 
show a ten d en cy  to be regularily  spaced  along the  j e t  w ith  a separa t ion  given 
by (P randtl  1904)
L j  = Vij .Mj ( 6 . 5 . 3 )
w here ,  M j,  is the  je t  M ach  n u m b e r  and , Wj, is the  je t  radius. M oreover ,  as the 
pe r iod ic  shocks or ig ina te  f ro m  an in n w a rd  com press ion  o f  the b eam  they  tend
to sustain  the  co llim ation  o f  the  je t  ou t to considerab le  d istances f ro m  the
driv ing  source. F or  h igher  ex te rna l p ressures  and  M a c h  n u m b ers ,  how ever ,
P ra n d t l ’s em pir ica l  re la tionsh ip  breaks dow n and  a sa tu ra t ion  w aveleng th , L j  « 
2.Wj, is ob ta ined  due  to the  fo rm atio n  o f  s trong  oblique  shocks in ternal to the 
j e t  (e.g. H a r tm a n n  & Lazarus  1941). T h u s ,  d ep en d in g  on the M ach  n u m b e r  of  
the  je t  and also on the ra tio  o f  the ex te rna l  to in te rn a l  p ressures ,  an oscillation 
w aveleng th  in  the  range, W j.M j < Lj < 2Wj, is p re d ic te d  to ch a rac ter ize  a 
supersonic ,  p ressure  co n f in ed  jet.
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T h e  s tr ik ing  resem blance  be tw een  these nu m erica l  p red ic t ions  and the
p resence  o f  regu la r i ly  spaced  sh o ck -ex c i ted  em iss io n - l in e  knots w ith in  the  DR21 
H 2 je ts  suggests th a t  these hyperson ic  je ts  m ay  indeed  be co llim ated  by some 
fo rm  o f  p ressu re  c o n f in m e n t  process. I f  so, then  it  should  be possible to 
es t im ate  the j e t  radius  f ro m  eqn.(6.5.3), know ing  the  k n o t  spacing and assum ing 
a rea lis tic  value fo r  the  j e t  M ach  nu m b er .  A ssum ing  tha t  the je t  is com posed
m ain ly  o f  shocked  neu tra l  gas a t a m ean  te m p e ra tu re ,  T j  ~ 500 K , then  the
in te rna l  sound  speed o f  the  je t  m ateria l  is, C j «  3 k m s - 1 , and the M ach
n u m b e r  is, M j = 1 0 (V j /3 0  k m s - 1 ). U sing  these values, the  fo llow ing limits are 
o b ta ined  fo r  the je t  w id th
0 . 1  ( L j / 1 . 0  p c ) / ( Y j / 3 0  k m s ' 1 ) < Wj < 0 . 5  ( L j / 1 . 0 p c )  p c
T hus , i f  the  DR21 je ts  are  p ressure  con f in ed  th en  the  in tr ins ic  j e t  rad ius  m ay 
be qu ite  small com pared  to the  j e t  leng th  (~ 3 pc). This p red ic t ion  agrees with 
the  h ighes t  angu lar  reso lu tion  H 2 m aps, in  w h ich  the  inn e rm o st  j e t  s truc tu re  
appears  ex trem ely  s inuous and  is bare ly  resolved w ith  a 10 arcsec b eam  ( ~ 0.2 
pc at the  d is tance  o f  D R 21).  In this p ic tu re ,  one m ay  expec t  the fo rm a tio n  o f  
a De L aval nozzle at the  o u te r  b o u n d a ry  to the  dense  cloud core w h ere  the
rad ia l p ressure  g rad ien t  is s teepest.  F u r th e rm o re ,  the  com pression  shocks are 
expec ted  to be strongest in the  in n e r  regions o f  the  f low , due  to sudden
reaccele ra t ion  on em ergence  f ro m  the nozzle; d am p in g  by viscous fo rces  causes 
the shocks to becom e w eak er  w ith  increasing  dis tance  along the je t .  These 
genera l fea tu res  f i t  the  observations ra th e r  well and  give ad d ed  s treng th  to the 
c o n f in m e n t  model.
So fa r ,  the a rg u m e n t  p resen ted  in  fa v o u r  o f  th e  ad iaba tic
p re s su re -c o n f in m e n t  m odel has involved  m orpho log ica l ev idence  only. It is,
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how ever ,  necessary  to cons ide r  w h e th e r  such a m odel can also acco u n t  fo r  the 
observed  physical p ropert ie s  o f  the DR21 m olecu la r  je ts  b e fo re  accep ting  its 
valid ity .
F o r  the  sake o f  s im plic i ty ,  the ad iaba tic  j e t  is m odelled  as a collim ated , 
p r e s su re -c o n f in e d  flow. T h e  n eu tra l  m ateria l  fi l l ing  the je t  has a partic le  
density ,  n j ,  and  a velocity , V j ,  in an axially  sym m etr ic ,  l inear channel of 
rad ius ,  Wj. T he  je t  m ater ia l  is assum ed to der ive  f ro m  a stellar w ind 
cha rac te r ized  by a spherica l  m ass-loss ra te  M w , o f  w h ich ,  a f rac t io n ,  f, ( = 0.5 
fo r  a b ipo la r  geom etry )  is d iv e r ted  in to  the  je ts .  T h e  m echan ical  lum inos ity  of  
the  je ts  can  then  be expressed  as follows
F o r  a p r e s su re -c o n f in e d  je t ,  the  je t  d iam e te r  is g iven  by balance  be tw een  the
in te rna l  j e t  p ressure  a n d  the p ressure  o f  the  a m b ien t  m olecular  c loud. T he
0
con d it io n  fo r  pressure  c o n f in m e n t  can  thus be w r i t te n  as
w here ,  n 0, n j  and  T 0, T j  are the  a m b ien t  cloud and  je t ,  densities  and 
tem p era tu res ,  respectively . A d d it iona lly ,  fo r  l inear f low  th ro u g h  a cy linde r ,  the 
fo llow ing  re la tionsh ip  results
= 1 /2  r  Mw ( Yj ) 2 ( 6 . 5 . 4 )
A
( 6 . 5 . 5 )
0
n j  =  [ r  Mw]/[ tt h  m(H)  ( r j ) *  Yj] ( 6 . 5 . 6 )
C om bin ing  eqns.(6.5.4), (6.5.5) and (6.5.6) then  gives
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Mw = 1 / r  [ 2  x fi m ( H ) ] 2 / a  [ ( n 0T 0 ) / T j ] 2 / 3  ( r  j  ) - / 3  Lm’ / 3 ( 6 . 5 . 7 )
a n d
Yj = [ 2 / [ *  n  m ( H ) ] ] i / 3  [ (Ln,Tj)/(n0T 0 )p/3 ( r j  >-2 / 3 ( 6 . 5 . 8 )
I f  most o f  the je t  k inetic  energy  is conver ted  into a rad ia t ive  shock at the 
"head" o f  the  je t ,  w here  the supersonic  f low  collides w ith  am b ien t  cloud 
m ater ia l ,  th en  the cloud shock velocity , V c , is re la ted  to the je t  ve locity  as 
follows
Fina lly ,  in  o rd e r  to l in k  the  m odel p red ic t ions  w ith  the  observations, it  is 
assum ed  th a t  in  the  rad ia t iv e  shock a t  the  j e t  te rm in u s ,  a s ign if ican t  p o r t io n  o f  
th e  j e t  m echan ica l  lum inos ity  will be c o n v e r ted  in to  sh o ck -ex c i ted  H  2 line 
em ission, w h e re  the conversion  e f f ic ien cy ,  k , is g iven  by
If ,  V j > 100 k m s “ 1, th en  a s ign if ican t  p o r t io n  o f  the  shock lum inosity  is 
rad ia ted  at optical and  U V  w avelengths ,  the rem a in d e r  being rad ia ted  as H 2 
line emission. D ue to ou r  poor u n d e rs tan d in g  of  the q u an ti ta t ive  effects  
resu lting  f ro m  dissociation  shocks, it is assum ed  here  th a t  the  o p t ic a l /U V  and 
in f ra re d  emissions have sim ilar  w eigh ts ,  thus ,  k = 2. P a ram eter iz ing  eqns.(6.5.7) 
& (6.5.8) in  as trophysical un its  gives
Yc  = [ n j / ( 2 n 0 ) ] i / 2  Yj  = [ T 0/ ( 2 T j ) ]i h  Vj ( 6 . 5 . 9 )
L-m = * L ( H2 ) ( 6 . 5 . 1 0 )
^  «  1 .3 6 X 1 0 -S  [ ( n 0T 0 ) / T j p / *  ( r j ) « / *  L ( H 2 ) i / 3  M0 y r - ’ ( 6 . 5 . I I )
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a n d
w here ,  L ( H 2), r j ,  n 0, and  T 0 j are expressed in L 0, pc, c m - 3  and  K,  
respectively .
F o r  the  DR21 je ts ,  the  fo llow ing values are chosen; n 0 = 1 0 4 c m - 3 , T 0 =
30 K ,  T j  = 500 K ,  rj = 0.2 pc and L ( H 2) = 1800 L 0. T h e  value o f  n 0 is
taken  as a rep resen ta t iv e  m ean  over the  cen tra l  6 pc o f  the  DR21 cloud core,
T 0 is d e r iv ed  f ro m  the  peak  CO an ten n a  te m p e ra tu re  on  the assum ption  that
the  J = l - 0  line is the rm alized ,  rj and  L ( H 2) are ob ta ined  f ro m  the  v = l - 0  S( l )
H 2 em ission  m aps show n in Figs.[4.2.2] & [4.2.3], and  T j  is de r ived  assum ing
th a t  th e  gas in te rn a l  to the j e t  is s ign if ican tly  hea ted  by  the w in d /c lo u d  shocks.
T h e  u n c e r ta in ty  in  the  p re - s h o c k  density  is p ro b ab ly  a fac to r  o f  f ive ,  whilst,
fo r  the  j e t  t e m p e ra tu re ,  the  u n ce r ta in ty  is m ore  like a fac to r  of  tw o to three.
©
F o r  the values chosen above, M w = 1 0 " 3 M 0 y r -1 and  V j = 220 k m s - 1 , are 
the best es tim ates  w ith  correspond ing  to lerances of, 5x 1 0 ” 4 < M w < 10- 2  M 0 
y r -1 and  100 < V j < 450 k m s- 1 , respectively . C onsequen tly ,  f ro m  eqn.(6.5.9) a 
best  es tim ate  fo r  the  cloud shock  velocity , V c = 38 k m s - 1 , is oba tined  w ith  a 
to le rance  o f ,  25 < V c < 55 k m s - 1 .
These  p red ic ted  ranges in the m ass-loss ra te  and  c lo u d -sh o c k  velocity  
co m p are  fa v o u rab ly  w ith  the  CO and H 2 em ission line observations o f  the
e
DR21 je ts ,  th e rb y  giving fu r th e r  s treng th  to the c o n f in m e n t  m odel. It is 
A
in te res t ing  to note tha t  this m odel pred ic ts  ex trem ely  h igh  velocities w ith in  the 
j e t  f low; such  h igh  velocity  gas m ay be de tec tab le  in 21 cm  atom ic  hydrogen
Yj = 55 [ ( L ( H 2 ) T j ) / ( n 0T 0 ) ] ' / 3 ( r j ) " 2/ 3 k m s " 1 ( 6 . 5 . 1 2 )
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l ine em ission , o r  possibly in v = l - 0  S(l)  H 2 line p ro f i les  i f  h ig h -sen s i t iv i ty  
m easu rm en ts  are m ade o f  the line wings. In tu it ive ly ,  one expects  the je t  flows 
to consist o f  a m ix tu re  o f  bo th  a tom ic gas (d issociated  H 2 f ro m  h ig h -v e lo c i ty  
shocks) and  small h ig h -d e n s i ty  m olecular  c lum ps, en tra in ed  th ro u g h  the  j e t  walls 
and  acce lera ted  to velocities com parab le  to the  j e t - s t r e a m  velocity  (see Sec.[5.2] 
W ] )- A fina l  p red ic t io n  o f  the ad iaba tic  p re s s u re -c o n f in m e n t  m odel is that 
the  m echan ical  lum inosity  o f  the w ind , L m = 1/2 M w ( V j ) 2 « 1 0 3 7 erg, is
one o rd e r  o f  m ag n itu d e  less than  requ ired  by the  spherica l e n e rg y -d r iv e n  winds 
conside red  in  Sec.[6.4.(c)]. As fo r  the spherical w inds, how ever ,  the  m o m en tu m  
f lu x  th ro u g h  the je ts  is still too large to be exp la ined  by single sca tte r ing  of 
pho tons  em ana ting  f ro m  the  cen tra l  DR21 lum inosity  source.
(ii) M O M E N T U M - D R I V E N  JETS
C
T h e  assum ption  o f  ad iab a t ic i ty  m ay  no t strijctly app ly  fo r  the  physical 
cond itions  charac ter is t ic  o f  dense m olecu la r  clouds w here  rap id  f low  dece le ra t ion  
and  e f f ic ie n t  cooling m ay  take place. Indeed ,  velocity  p ro f i le  m easu rem en ts  of 
the  in f ra re d  B racke tt  H I reco m bina tion  lines, th o u g h t  to arise f ro m  the  ionized 
stellar w inds o f  young  or cu rren t ly  fo rm in g  stars (Simon et al 1983; Persson et 
al 1985; G a rd e n  & G eballe  1986), supply  s trong ev idence  th a t  the  te rm ina l 
velocities o f  m ost young  stellar w inds are  less th a n  300 k m s " 1; th is  is in 
ag reem en t  w ith  the cond it ion  tha t,  V w < 500 k m s ~ 1, fo r  the fo rm a t io n  o f  a 
m o m e n tu m -d e r iv e n  w ind  (see Sec.[6.4]). I f  e f f ic ie n t  cooling is im p o r ta n t ,  then  
the  shocked  w in d  reg ion  degenera tes  to a very  th in ,  cool, dense  shell and  the 
focussing m echan ism  o f  the ad iaba tic  p re s s u re -c o n f in m e n t  m odel (i.e. the 
fo rm a tio n  of  a De Laval nozzle) ceases to w ork  (T en o r io -T ag le  & R ozyczka 
(1986)). Canto  (1980) has proposed  an ex trem ely  e legant m odel fo r  ste llar wind
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collim ation u n d e r  cond it ions  were  e f f ic ie n t  cooling takes e f fec t .  A gain ,  a 
f la t ten ed  cloud density  d is tr ib u t io n  is in tro d u ced  in  o rd e r  to p e r fo rm  the initial 
collim ation o f  an o rig inally  spherica l w ind  bubb le .  T h e  im p o r ta n t  d i f fe ren ce  
b e tw een  C an to ’s m odel and  the  ad iaba tic  m odel is th a t  the  w ind  velocity  vectors 
glance the ou te r  w in d - s w e p t  shell a t large angles thus induc ing  m ateria l  flow
along the walls o f  the  ovoid w h ich ,  in tu rn ,  helps  to collim ate  the w ind  via
m o m e n tu m  conserva tion . R ozyczka & T e n o r io -T a g le  (1985) have carr ied  out 
de ta iled  nu m erica l  2 - D  h y d rodynam ica l  s im ula tions based  on the Canto 
collim ation concep t  and  fo llow  the n o n -s te a d y  sta te  evo lu tion  o f  a stellar w ind 
w ith in  a dense  an iso trop ic  m olecular  cloud. T h e ir  f ind in g s  agree w ith  those of  
the m u ch  s im pler  C anto  m odel,  how ever ,  by en co rp o ra t in g  evo lu tion  o f  the 
system they  f in d  th a t  ex trem ely  collim ated je ts  can  fo rm  and  p ropaga te  to large 
d istances f ro m  the  p o w er  source. F u r th e rm o re ,  a t the  sides of  the e longated
shell, s trong shear m otions develop  on the  b o rd e r  b e tw een  the shell and  the 
shocked  w in d  reg ion  w h ich  resu lt  in tu rb u le n t  m otions  and  possibly the
e n tra in m en t  o f  c lum ps in to  the  flow. L o n g -w a v e le n g th ,  K e lv in -H e lm h o l tz  
instabilities  are  also p ro n e  to develop  u n d e r  a w ide  range  of  physical conditions 
and  can lead to p e r iod ic  oscillation of  the j e t  bou n d a r ie s ,  in a m an n e r  sim ilar 
to the  ab iaba tic  m odel. T hey  also f in d  th a t  fo r  dense  cloud  cond itions ,  ad iabatic  
w inds tend  to p roduce  a series o f  bubbles  ra th e r  than  h igh ly  co llim ated  je ts ,  
indeed , they  co n f id en t ly  state  tha t  "the p re sen ce  o f  m o lecu la r  je ts  m ay
e.
necess i ta te  the  r e q u i rm e n t  o f  cooling flows".
A
In  conclusion, it  appears  th a t  p ressure  c o n f in m e n t  by the  am b ien t  cloud 
m ed iu m  m ay play a s ign if ican t  pa r t  in c rea t ing  the  h ig h ly -co l l im a ted  neutra l  
je ts  observed  in  D R 21 , how ever ,  the  e f fe c t  o f  rad ia t iv e  cooling m ay  slightly 
m od ify  the  t im e  evo lu tion  and  m orpho logy  o f  the  overall ou tf low  system. Both 
the  ab iaba tic  and  cooling models p red ic t  per iod ic  oscillations o f  the j e t  b o u n d a ry
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w h ich  are  c learly  p re sen t  in the  DR21 jets.
T he  exc iting  poss ib ili ty  th e re fo re  exists tha t  the  m olecu la r  je ts  associated
w ith  early  stages o f  s tar  fo rm a tio n  m ay p rov ide  a un ique  o p p o r tu n i ty  to study 
cosm ic je ts  in a m u c h  b ro a d e r  contex t. In  con tras t  to ex traga lac tic  je ts ,  fo r  the 
com para tive ly  n e a rb y  m o lecu la r  je ts ,  one can m easure  im p o r ta n t  physical 
quan ti t ies  sjfuch as densi ty ,  rad ia l  velocity  and m aybe  even the p ro p e r  m otion 
o f  "hot spots". Because m an y  im p o r tan t  param eters  p e r ta in ing  to galactic  je ts  are 
(or will be) d irec tly  observab le ,  it  is then  conceivable  tha t  they  m ay lead to a 
s ign if ican tly  b e tte r  u n d e rs ta n d in g  o f  the physics govern ing  the je t  p h enom enon  
th an  do ex traga lac tic  je ts .
6 .5 .(c) T H E  R O T A T IN G  M A G N E T IC  DISC M O D E L S
T h e  ex is tence  o f  m assive , ro ta t ing  discs o f  cold, dense , neu tra l  in ters te lla r
m a te r ia l  ju x tap o s i t io n  w ith  the  d riv ing  engines of  h ig h -v e lo c i ty  b ipo la r  outflows
is now  accepted  as f i rm  observa tiona l  fact.  T h e  genera l consensus is th a t  these
n
m assive s truc tu res  o r ig ina te  f ro m  the noiso trop ic  collapse o f  a m agnetic
a
p ro to -c lo u d  (M estel 1985), as u n d e r  these cond itions ro ta t ion  w ith  an axis 
pe rp en d icu la r  to the  la rge -sca le  m agnetic  f ie ld  m ay  dam p fa s te r  than  ro ta tion  
w ith  an axis paralle l to the  field . This  p re fe ren t ia l  d am ping  m echan ism  is 
be lieved  to take  p lace d u r in g  the  early stages o f  c loud  co n trac t io n  w hen  the
ioniza tion  frac t io n  o f  the  gas is su f f ic ien t  to couple  the c loud m a tte r  to the 
m agnetic  f ie ld ,  thus  fo rc ing  the  angu lar  m o m en tu m  vec to r  to po in t  in the  same 
genera l d irec tion  as the  m agne tic  field; a t  la ter  stages in  the  collapse, when  
densities are h igher  an d  te m p e ra tu res  cooler, the  ion iza tion  f rac t io n  drops and 
the  f ie ld  m ay  no longer  be frozen  w ith  the  gas. O bserva tiona l co n f irm a tio n  of
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the  p re fe re n t ia l  co n trac t io n  scenario  has been  p resen ted  by  M one ti  et al. (1984) 
and C o h en ,  R o w lan d  & Blair (1984), w ho, using po la r iza tion  m easu rem en ts  o f  
b ack g ro u n d  stars as an in d ica to r  o f  m agnetic  fie ld  d irec tion ,  f in d  tha t fo r  m ore 
than  h a lf  o f  the  b ipo la r  ou tf low s observed , the ou tf lo w  and  m agnetic  axes are 
a ligned  to w ith in  ~ 20°.
T h e  g row ing  body  o f  observa tiona l  ev idence  p o in ting  tow ards  the ub iq u i ty  of  
in te rs te l la r  discs in s t a r - fo rm in g  regions (e.g. Torrelles et al. 1983; Bieging 1984; 
H asegaw a et al. 1984; K a w a b e  et al. 1984; T akano  et al. 1984) has s tim ula ted  
p rec ip i tous  in te res t  in  the dev e lo p m en t  o f  a new  genera tion  o f  ou tf low  models 
w h ich  inc lude  as a na tu ra l  ing red ien t  the m a g n e to -h y d ro d y n a m ic  (M H D ) 
in te rac tion  b e tw een  a cen tra l  ro to r  and an o p e n -e n d e d  m agnetic  field. T he  f irs t  
versions o f  this basic idea  (H ar tm an n  & M acG reg o r  1982; D ra ine  1983) 
conside red  the  l ike lyhood  o f  fast  ro ta t ing  stars as being  the underly ing  rotors. 
T he  m ore  recen t  m odels , instead , invoke the m ore  n a tu ra l  v iew poin t  tha t  the 
observed  b ipo la r  ou tf low s are  cen tr ifuga lly  d r iven ,  M H D  w inds  em anating  f rom  
the sam e in te rs te l la r  discs in  w h ich  the p ro tostars  them selves are em bedded  
(P udri tz  & N o rm a n  1983; U c h id a  & Shabita  1985; P u d r i tz  1985; P u d r i tz  & 
N o rm a n  1986). T h e  basic con cep t  is tha t  the acce lera t ion  o f  the b ipo la r  flows 
results f ro m  the  w ind ing  up  of the  m agnetic  f ie ld  b y  the  ro ta t ion  o f  the 
und e r ly in g  con trac t in g  disc. T h e  accelera tion  o f  the  disc gas is d irec ted  parallel 
to the open  m agnetic  f ie ld  lines and  takes e f fe c t  up  to a cr it ica l po in t  in the  
f low  as d e f in e d  by  the  A lfven  rad ius , R a , ( w h e re  the  m agnetic  and therm al 
pressures  are equal). A t  rad ii ,  r  > R a , the f ie ld  is unab le  to fo rce  the  gas to
c o - ro ta te  w i th  the  disc and  the  transverse  velocity  decreases as 1 /r .  M agnetic
acce lera t ion  th e re fo re  only  occurs b e tw een  the  disc su rface  and  the A lfven
rad ius ,  and  the  o u tf low  gas aquires  term ina l  polo idal speeds o f  o rd e r  f l .R a, 
w h e re ,  fi, is the  angu la r  m o m en tu m  o f  the und e r ly in g  disc. T h e  highest
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velocities p red ic ted  by this model the re fo re  increase w ith  increasing  disc ro ta tion  
and  m ag n e t ic  f ie ld  s treng th .  A n o th e r  advan tage  spec if ic  to this m odel is tha t 
M H D  w inds are ex trem ely  e f f ic ie n t  in ex trac t ing  an g u la r  m o m en tu m  and 
ro ta t iona l  en e rg y  f ro m  the  disc and the re fo re  p ro m o te  rap id  accre tion  onto  a 
cen tra l  p ro to s ta r  w ith  ve ry  low specif ic  angu lar  m o m e n tu m  transfe r .  T he  
presence  o f  M H D  w inds ,  th e re fo re ,  na tu ra l ly  solve the  age old p rob lem  o f  
angu lar  m o m e n tu m  g row th  d u r ing  cloud collapse. M o reo v er ,  the h igh accre tion  
rates can s ign if ican tly  hea t  and ionize the disc core and  thus m ay expla in  the 
o rig in  o f  the u l t r a -c o m p a c t  ionized winds com m only  observed  tow ard  the 
in f ra re d  p o in t  sources fo u n d  at the cen tre  o f  the n eu tra l  discs (Persson et al. 
1984; Simon et al. 1983; G a rd e n  & G eballe  1986).
A  necessary  con s tra in t  in tro d u ced  by this m odel is th a t  the  cen tra l  objects
o f  all ou tf low s m u s t  still belong to a p re -m a in -s e q u e n c e  phase. Several o ther
p red ic t ions  arise  f ro m  the  M H D  models w h ich ,  in  the  light o f  fu r th e r
observa tions ,  m ay  p ro v id e  a concre te  test o f  the  n a tu re  o f  the accelera tion
m echan ism . F irs t ,  and  fo rem ost ,  the  mass e jec tion  takes the fo rm  o f  a hollow
cylindrica l  shell w h ich  ro tates w ith  the disc, o f  rad ius  R ^ ,  ou t to the
m agnetica l ly  d e f in e d  a lfv en  rad ius ,  R a « K ^R ^) .  Second, the ou tf low  gas is
accelera ted  u p  to the  te rm in a l  ve locity  (V w »  50 k m s - 1 ), a tta ined  at  the  a lfven
rad ius ,  in  a g radua l  and  m ono ton ic  fashion. T h ird ,  the  existence of  a massive,
ro ta t ing  and slowly collapsing disc is an absolute  necessity . F o u r th ,  the  existence
o f  a com pac t  ionized or X - r a y  em itt ing  accre tion  core at the cen tre  o f  every
ou tf lo w  source  should  also be observable . A m a jo r  d isadvan tage  o f  the  pure ly
m agne tic  m odels is tha t ,  un like  the  p ressure  c o n f in m e n t  m odels, th ey  canno t
crea te  the  h ig h ly -co l l im a ted  supersonic  flows rem in iscen t  o f  the  DR21 H 2
em iss io n - l in e  je ts ,  as the  im por tance  of  m agnetic  c o n f in m e n t  de te rio ra tes  rap id ly
A
at d istances com parab le  to, or larger than , the a lfven  radius.
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H a v in g  b r ie f ly  ou tlined  the  basic concepts  und e r ly in g  the  c u r re n t  m agnetic  
ou tf lo w  m odels ,  a com parison  be tw een  there  p red ic ted  a t t r ib u te s  an d  those
charac te r is t ic  o f  the  DR21 je ts  can now  be m ade. U sing  a so m ew h a t  ad hoc 
m odel P u d r i tz  and  N o rm an  (1986) have  p red ic ted  th a t  fo r  a massive m olecular  
ou tf lo w , s im ilar  to tha t fo u n d  in DR 21; at rad ii  1 0 17 < r < 1 0 18 cm , the 
m olecu la r  f low  orig inates f ro m  a cool neu tra l  disc enve lope , w ith  a mass-loss 
ra te , M w > 10“ 3 M 0 y r - 1 , and  a te rm ina l  velocity  of, V w ~ 50 k m s - 1 , which  
is reach ed  at the  a lfven  rad ius ,  R a = 1 0 18- 1 0 19 cm. T h e  m o m e n tu m  transpo r t  
ra te  in  the  w ind  is ex trem ely  h igh  (M w V w /[L * /c ]  > 100) co m p ared  to
n o n -m a g n e t ic  models (viz. Sec.[6.4.f]) and  results because the escape velocity  
f ro m  the  disc su rface  is only  a small f rac t io n  o f  tha t  cha rac te r is tc  o f  a star. 
Indeed ,  a cen tr ifuga lly  prope lled  M H D  w ind  em anating  f ro m  the su rface  of  
ro ta t ing  disc, is the only presently  k n o w n  m echan ism , a p p a r t  f ro m  a SN 
explosion , th a t  can na tu ra l ly  supply  su f f ic ien t  m o m e n tu m  f lu x  to d r ive  the
m assive m olecu la r  outflows in  lum inous s tar fo rm in g  regions such  as D R 21.
T h e  slowly ro ta ting , e d g e -o n  disc th a t  is so c learly  p ro m in e n t  in  CS line 
em ission (viz. Sec.[4.4]) has a rad ius  on the  o rder  o f  1 pc and  is thus in good 
ag reem en t  w ith  the  hyd ro m ag n e t ic  disc model p red ic t ions .  H o w ev er ,  the  p resence  
o f  a ro ta t iona l  com p o n en t  p e rp en d icu la r  to the  ou tf low  axis, as is also p red ic ted  
by  this m odel,  is not ev id en t  in  the  h ig h -a n g u la r  reso lu tion  CO observations 
discussed in  Sec.[4.3]. D ue to the large d istance  to DR21 (= 3 kpc) ,  the  spatial 
reso lu tion  at the  source is only 1 0 18 cm  w h ich  m ay be in su f f ic e n t  to resolve 
f in e  ro ta t iona l  s truc tu re  due  to b eam  overlap. F u r th e r  observa tions  at 
h ig h e r -a n g u la r  resolution th an  used in  the  p resen t  s tudy  in  a va r ie ty  of
m ill im eter  m olecu la r  line transit ions  are clearly  w arran ted .
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In conclusion , it appears  tha t  pu re ly  m agne tic  and  pu re ly  n o n -m a g n e t ic  
m odels can n o t  by them selves accoun t fo r  the obse rved  charac te r is t ic s  par t icu la r  
to the DR21 m olecu la r  ou tflow s. A best f i t  so lu tion  requ ires  spec if ic  a ttr ibu tes  
co m m o n  to bo th  types o f  models; the large m o m e n tu m  tran sp o r t  ra tes can only 
be exp la ined  by mass e jec tion  f ro m  the su rface  o f  a ro ta t ing  and m agnetized  
in te rs te lla r  disc, w hilst,  at la rger d istances f ro m  the cen tra l  d r iv in g  source, the 
fo rm a tio n  o f  h igh ly -co l l im a ted  supersonic  je ts  requ ires  tha t  e i th e r  p ressure  or 
m o m en tu m  c o n f in m e n t  be the do m in an t  process. F u r th e r  u n d e rs ta n d in g  o f  this 
exc iting  and  po ten tia lly  rew ard in g  area o f  as trophysica l s tudy  will b en e f i t  greatly  
f ro m  advancem en ts  bo th  in observ ing  techn ique  and  theore t ica l  in te rp re ta t io n .
6.6 S C H E M A T IC  M O D ELS O F T H E  DR21 O U T F L O W
C om m on  to all areas o f  p ioneer ing  sc ien tif ic  re sea rch , the re  comes a stage in 
the  p resen ta t io n  of  new  data , w hen ,  in o rd e r  to m ake  f u r th e r  h eadw ay , one is 
fo rced  to re lax  ones conservative  ap p ro ach  and  exp lo re  the  m ean ing  o f  ones 
w ork  in  a m ore  im ag ina tive  sense. P robab ly  the  m ost desc r ip t ive  m ethod  
available  fo r  p o r tray ing  a visual idea  to o thers  is th ro u g h  the  use o f  a s imple 
schem atic  m odel w hich  qua li ta tive ly  expresses ra th e r  th an  quan t i ta t iv e ly  jus t if ies  
the fu n d a m e n ta l  physics underly ing  the  idea.
In line w ith  this reasoning , the o p p o r tu n i ty  is now  taken  to p resen t  two 
pu re ly  schem atic  models w hich , it  is suggested , m ay  best consolidate  the 
observations o f  the  DR21 outflow . T h e  f i rs t  m odel  involves an  eq u il ib r ium  
situa t ion  w h ere  mass ou tf low  is accom pan ied  by  balanced  acc re t ion ,  m ed ia ted  by 
the grav itiona l a t trac t ion  o f  a hypo the tica l  m ag ne tized  and ro ta t ing  protostellar 
disc. T he  second m odel is considerab ly  m ore  c o n tr iv ed  a n d  relies on the
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presence  o f  at least two physically  in d ep en d en t  m olecu la r  ou tf low s em anating  
fro m  the su rround ings  o f  a recen tly  fo rm ed  OB s tar  cluster.  It is stressed that, 
due to the  in h e re n t  com plex ity  o f  the DR21 s ta r - fo rm in g  reg ion , these models 
are necessarily  ove rs im p lif ied  and  are, th e re fo re ,  o f  a p u re ly  suggestive na tu re  
only.
6.6.(a) M O D E L  1 : A N  A C C R E T IO N  D R IV E N  O U T F L O W
T h e  reason ing  beh in d  this m odel stems f ro m  the  su rp r is ing  d iscovery  o f  two 
appa ren t ly  p e rp en d icu la r  b ipo la r  h ig h -v e lo c i ty  CO flows, bo th  o f  w h ich  em anate  
f ro m  a com m on orig in  located  som ew here  in te rna l  to the  DR21 cloud 
c o re /m o lecu la r  disc (see F ig .[4.3.7]).
T h e  largest and  m ost p ro m in e n t  b ipo la r  f low  is a ligned  N E -SW  and  is 
d e f in ite ly  an  o u tf low  as it  is spatia lly  associated w ith  lum inous  and ex trem ely  
h ig h -v e lo c i ty  sh o ck -ex c i ted  H 2 line emission. Also, the  h ig h -v e lo c i ty  CO and 
H 2 lobes are  located too fa r  ou t f ro m  the ou tf lo w  cen tre  to be gravita tionally  
b o u n d ,  as a mass o f  > 5 x 1 0 5 M 0 w ould  be req u ired  in the  cen tra l  regions; this 
mass is one o rder  o f  m ag n itu d e  larger th an  the  core  mass as d e r ived  f ro m  the 
CS observations.
S teady-s ta te  conditions  str ike  a na tu ra l  ba lance  in  m an y  astrophysical 
contex ts , especially  i f  g rav ity  is the  do m in an t  fo rce  involved . It is thus na tu ra l  
to expec t  th a t  i f  the massive disc cen tra l  to the  DR21 ou tf lo w  system is 
g rav ita t iona lly  b o und ,  then  the observed  mass ou tf low s m ay  be accom pan ied  by 
mass accre t ion , w ith  bo th  the  ou tf low  and acc re t ion  f lo w  possessing com parab le  
m o m en tu m  t ran s fe r  rates (Pudri tz  1985). It is th e re fo re  suggested  here  tha t the
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second sm alle r-sca le  b ipo la r  f low , which  is o r ien ted  p e rp e n d ic u la r  to the  m ajor  
ou tf low  axis and  alm ost parallel to the DR21 disc p lane , m ay rep resen t  the 
acc re t ion  f low  w h ich  feeds the outf low . A schem atic  i l lus tra t ion  of  the  geom etry
envisaged  by this m odel is show n in F ig .[6 .6 .1 ].
In essence, the proposed  accre tion , w hich  is d irec ted  along the disc plane, 
prov ides  a re se rvo ir  o f  la ten t  po ten tia l  energy  w h ic h  th ro u g h  some vague M H D  
process (N o rm an  & P u d r i tz  1986) is converted  into o rd e red  k inetic  energy ,
tak ing  the  fo rm  of a m olecu la r  ou tf low  d irec ted  p e rp e n d ic u la r  to the disc p lane 
(see Sec.[6.5.(b)]). T he  m a jo r  advan tage  o f  this m odel,  th e re fo re ,  is tha t  it  can 
expla in  the orig in  o f  the two p e rped icu la r  CO flows. M oreover ,  if  the disc is 
th readed  by  a com pressed  m agnetic  fie ld , and  i f  the ion iza tion  frac t ion  is 
su f f ic ien t  to couple  the f ie ld  to the  disc, then  the disc ro ta t ion  can tw ist  the 
f ie ld  lines to such an ex ten t  tha t large n o n -p e rp e n d ic u la r  vectors  are induced  at 
the  disc surface  (Belcher & M acG reg o r  1976; P u d r i tz  1985). Mass in f low  along 
the  tw isted  m agnetic  f ie ld  lines th read ing  the  o u te r  parts  o f  the  ro ta t ing  disc
will then  resu lt  in  a system atic  rad ia l-v e lo c i ty  f ie ld ,  w h ich  to an observer
looking e d g e -o n  to the  disc, will appea r  as a b ipo la r  f lo w  w ith  the same
velocity  sense as the disc ro tation . These  p red ic t ions  agree  w ith  the  observations
(Fig .[4.3.7]); i.e. the N W -SE  h igh -v e lo c i ty  CO b ipo la r  f low  is o r ien ted  almost 
parallel to the  p lane of  the CS disc and shows the  same velocity  trend
(b lu e -sh i f te d  to the sou th  an d  re d - s h i f te d  to the  n o r th  o f  the  ou tf lo w  centre)  as 
the  disc ro ta t ion  (Fig.[4.4.3]).
A fu n d a m e n ta l  test of the  acc re t io n /o u tf lo w  m odel is th a t  the  observed 
velocities in  the  p roposed  CO accre tion  f low  shou ld  agree  w ith  the  f re e - fa l l  
ve locity  ca lculated  f ro m  the  know n  size and  mass o f  the cen tra l  disc. F ro m  the 
m easu red  disc param eters
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Md i s c  = 5x104 M0
rdisc = 1 Pc 
hdisc = 0 . 5  pc 
ndisc = 5 x 1 0 s cm"3
a f r e e - f a l l  ve locity  o f  ~ 20 k m s-1 is derived ; this is in excellen t ag reem en t 
w ith  the observed  velocity  ex ten t  o f  the  CO p ro fi le s  in the  N W -SE  b ipolar  
lobes. F u r th e rm o re ,  f ro m  a visual inspection  o f  F ig .[4.3.7], it  is a p p a re n t  that 
the  two b ipo lar  flows are  o f  com parab le  in teg ra ted  b r igh tness  in H IG H -v e lo c i ty  
CO em ission, thus im ply ing  th a t  the mass tran s fe r  rates in the  two flows are 
also o f  com parab le  m agn itude ,  ju s t  as p red ic ted  fo r  the case o f  a ba lanced  
system.
A possible p ro b lem  faced  by the a c c re t io n /o u tf lo w  m odel is th a t  the 
observed  ro ta t iona l  ve locity  of  the  disc is on ly  1 k m s -1 w hereas  i f  the  disc 
w ere  to be ro ta tiona lly  su p p o r ted  against  its ow n grav ity  a ro ta t iona l  velocity  of  
o rd e r  15 k m s-1 is necessita ted . H ow , then , is it  possible to exp la in  the  a p p a ren t  
s u b -K e p le r ia n  velocity  f ie ld  of  the  disc? A  so lu tion  to th is  pa radox  m ay  once 
again de r ive  f ro m  the  presence  o f  m agnetic  f ie lds ,  w h ich ,  i f  f ro zen  to the  gas, 
m ay m agnetica lly  b rak e  the  disc ro ta t ion  by  co n v e r t in g  the  an g u la r  m o m en tu m  
of the disc into rad ia l  m o m e n tu m  o f  the  b ipo la r  ou tf low . F o r  such  a 
m agnetica lly  coupled  process, w here  bo th  the  inc reased  ion iza tion  frac t io n  in  the 
disc and the lum inosity  o f  the  cen tra l  d r iv ing  source  derives  solely f ro m  
accre tion  hea ting , the  disc ro ta t ion , V r , can be exp ressed  in  te rm s o f  the  ratio 
o f  the o u tf low  m echan ical energy  f lux , L m , in  the  ou tf lo w  gas to the 
lum inosity  o f  the cen tra l  source, L*, as follows (P u d r i tz  & N o rm a n  1986)
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F I G U R E  6.6.1 : A schem atic  m odel o f  a cen tr ifuga lly  d r iven  M H D  w ind . The
m agnetic  to rq u e  drives  m ass-loss along a d irec t ion  paralle l to the  m agne tic  f ie ld  B and 
the  angu lar  m o m e n tu m  0  vectors  and  p e rp e n d ic u la r  to the  disc p lane . A t large 
dis tances f ro m  the  disc su rface  (i.e. r > R a), the ou tf low  is assum ed to be reco llim ated  
by e i the r  m o m en tu m  or p ressu re  c o n f in m e n t  w ith in  the su rro u n d in g  m olecu la r  cloud 
m ed ium . T he  c o n f in m e n t  causes com press ion  and  ra re fac t io n  regions to develop  along 
the  je t ,  w h ich  give rise to the shocked  H 2 and  h ig h -v e lo c i ty  CO em ission , respectively .
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Inserting  the observed  values, M d  = 5(4) M o, R d  = 1 pc, L m /L *  = 5 (-3 ) ,  a 
disc ro ta t ion  o f ,  V r = 0.9 k m s-1 ,  is der ived , w h ich  is exac tly  the ro ta tional 
ve locity  observed . T he  s u b -K e p le r ia n  ro tation  o f  the DR21 disc can the re fo re  
be exp la ined  i f  the  disc is b raked  by a hydrom agne tica lly  d r iv en  b ipo la r  
ou tf lo w  and  the  mass ba lance  is res tored  by  rap id  accre t ion  onto the  disc.
Pressure  or  m o m en tu m  c o n f in m e n t  is invoked  to collim ate  the je ts  at large 
dis tances  f ro m  the  disc w h ere  m agnetic  co llim ation fails to operate .
6.6.(b) M O D E L  2 :
M U L T I D I R E C T I O N A L  O U TFL O W S F R O M  A Y O U N G  OB ST A R  C L U S T E R
In this a l te rna tive  m odel the no tion  is p roposed  th a t  the two pe rp en d icu la r
b ipo la r  ou tf low s seen in  the DR21 reg ion  or ig ina te  f ro m  separa te  ou tf low
centres ,  m os t  p ro b ab ly  f ro m  two or m ore  massive stars in  a cu rren t ly  fo rm ing
or recen tly  fo rm e d  OB star c luster located deep  w ith in  the  DR21 m olecular
5
cloud core. F o r  this scenario  to w ork , two separa te  dies are req u ired  to drive
A
the  two b ipo la r  flows. T h e  largest disc (resolved by  the  CS observations)  drives 
the  m ain  N E -S W  b ipo la r  f low  an d  a considerab ly  sm aller  disc (unreso lved  by 
our CS observations)  is f u r th e r  req u ired  in  o rd e r  to d r iv e  the sm aller-sca le
SE -N W  bipo la r  flow. I t  m ay  even  be possible th a t  the  p lane  o f  the  large disc
has d i f f e r e n t  o r ien ta tions  on d i f f e re n t  size scales, w ith  the  in n e r  disc being 
w arp ed  th o u g h  a large angle w ith  respect to the  ou te r  disc. A t  p resen t ,  the 
m u l t i - f lo w  hypothesis  has no solid fo u n d in g ,  ap p a r t  f ro m  the  observed  existence
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o f  two p e rp e n d ic u la r  b ipo la r  flows, and as such is only  m en tio n ed  here fo r  the 
sake o f  com pleteness .  N onetheless ,  it is an en te r ta in in g  idea w hich  d e f in i te ly  
requires  f u r th e r  th o u g h t  and  observational investigation.
As p re sen t  o p in ion  leads us to believe tha t  eve ry  star undergoes  an 
energe tic  stage o f  rap id  m ass-loss during  a large frac t io n  o f  its fo rm a tiv e  years, 
then  it w ould  seem inev itab le  th a t  dur ing  the  fo rm a tio n  o f  a young OB star 
c luster ,  several ou tf low s m ay be active at the sam e in s tan t  in time. An 
im p o r ta n t  line  o f  s tudy  w ould  be to investigate  theore t ica l ly  how  these coeval 
f lows w ould  in te rac t  and e f fe c t  one another . In  p a r t icu la r ,  a question  o f  d irec t  
re levance  to the  p resen t  s tudy  w hich  jus t if ies  theore tica l a t ten t io n ,  is; "would the 
flows f ro m  the  in d iv idua l  h ig h -m ass  (proto)stars  o f  a young c luster fo rm in g  
w ith in  a m assive disc m erge  and  expand  as one u n i te d  su p e r - f lo w  or w ould  
they  re ta in  th e i r  ow n iden tit ies  and give rise to m ult ip le  b ipo la r  structures?"
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Ch a p te r  7 C O N C L U S I O N
T h e  DR21 m olecular  cloud com plex  has been  m apped  in the v = ] - 0  S( l )  
t rans it ion  o f  H 2, the J= 1-0 trans it ion  o f  CO , the J= 1 -0  & 2-1 transit ions o f  CS 
and  the  5 3 a  recom bina tion  line o f  hyd rogen . These  observations reveal the 
ex is tence  o f  a h igh ly -co l l im a ted ,  b ipo la r  f low  consisting  o f  two large and 
massive lobes o f  shocked , h y p e rso n ica l ly -ex p an d in g  m olecu la r  gas. This h i the r to
u n k n o w n  b ipo la r  f low  is singular  to the  p resen tly  s tud ied  sam ple  of  
y o u n g -s te l la r  ou tf low  sources, in tha t  it  is the  largest, m ost massive and  most 
lum inous  o f  all the m em bers .  A t  the ou tf lo w  orig in  there  lies a massive, slowly 
ro ta t in g  disc w h ich  p resu m ab ly  p rovides the  energy  and m o m en tu m  f lux  to 
d r ive  the ex ten d ed ,  h ig h ly -e n e rg e t ic  ou tf low s. T h is  disc m ay aid in the in itia l
co llim ation  o f  the ou tf low  at d istances close to the c loud core. F ro m  analysis of 
a v a r ie ty  o f  d i f fe re n t  observations,  it  is fu r th e r  suggested  th a t  the  lum inous
DR21 com pac t  H II  region m ay  no t be physically  associated w ith  the cen tra l  
o u tf low  system bu t ,  ra the r ,  m ay  re p re se n t  the  l in e -o f - s ig h t  p ro jec t io n  o f  a 
b lis ter  H II  reg ion  th a t  is loca ted  on the  back  su rface  of  the DR21 m olecular  
cloud.
T h e  DR21 o u tf low  m ost p ro b ab ly  owes its large size (> 5 pc) to its old age; 
a f low  life t im e  o f  ~ 5 x l 0 4 yr  is e s t im ated , w h ich  is com parab le  to the 
t im e-sca le  fo r  the  con trac t ion  phase o f  a massive protostar .  The  m o m en tu m  flux 
req u ired  to dr ive  the  observed  dynam ics  and  lum inos ity  in h ig h -v e lo c i ty  CO and 
sh o c k -e x c i te d  H 2 line em ission canno t be supp lied  e i ther  by the expansion  of
the  lum inous  DR21 HII reg ion , or b y  the  rad ia t ion  p ressure  o f  the cen tra l  
ob jec t.  A c lo u d -c lo u d  collision, a lthough  energetically  favourab le ,  cannot 
accelera te  the com pressed gas to the h yperson ic  velocities (> M ach  50) observed
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in this region. C onsequen tly ,  a m ag n e to -h y d ro d y n a m ica l ly  co llim ated  m olecular  
w ind  d r iv en  by mass accre tion  onto the su rface  o f  a slowly ro ta t ing ,  massive 
disc is the  only  m echan ism  available at p resen t,  b a r r ing  a recen t  supernova  
explosion , w h ich  can accoun t fo r  the exceedingly  large m o m en tu m  fluxes that
are req u ired  to pow er  the  observed  mass m otions in the DR21 region. It is 
f u r th e r  fo u n d  th a t  the  co rre la t ion  be tw een  the ou tf lo w  energy  and  the
lum inosity  o f  the cen tra l  d r iv ing  source, tha t  is a w e l l -k n o w n  charac ter is t ic  of  
lo w -lu m in o s i ty  ou tf low  sources, also applies fo r  the m ore  lum inous star 
fo rm in g - re g io n s  in the galaxy. Such a co rre la tion  m ay  resu lt  if  the size o f  the
disc w h ich  drives  the  outf low s scales in p ro p o r t io n  to the  lum inosity  o f  the
cen tra l  ob jec t ,  w h ich  m ay  arise i f  the lum inosity  derives f rom  shock heating  
associated w ith  accre t ion  o f  m ater ia l  f ro m  the in n e r  su rface  o f  the disc onto the 
cen tra l  ob jec t.
A n o th e r  im p o r ta n t  resu lt  de r iv ed  f ro m  the  h ig h -a n g u la r  resolution 
m il l im e te r -w a v e  observations is the iden t i f ica t io n  o f  a second  spatia lly  d istinct
h ig h -v e lo c i ty  CO b ipo la r  f low , w h ich  is a ligned  along an  axis o r ien ted  
p e rp e n d ic u la r  to the  axis o f  the  m ain  ou tf low . B o th  flows a p p a ren t ly  possess a 
com m on  geom etr ic  cen tre  th a t  is located w ith in  the  DR21 cloud core. The 
sm aller scale b ipo la r  f low  m ay  be in te rp re ted  as collim ated accre t ion  o f  am b ien t  
c loud  m ater ia l  onto the  disc surface ,  the  collapse o f  w h ich ,  subsequen tly  
supplies the energy  to dr ive  the  large scale outflows. A lte rn a t iv e ly ,  there  m ay 
exist m ore  th an  one o u tf low  source  w ith in  the DR21 cloud core , possibly the
result o f  coeval star fo rm a tio n  d u r ing  the  m aking  o f  a young  OB star cluster.
As a m u l t i -d i re c t io n a l  ou tf lo w  geom etry  canno t be exp la ined  by  any  o f  the
o u tf low  m odels p roposed  to date , these observations are im p o r ta n t  in  tha t  they  
should  s tim ula te  the dev e lo p m en t  o f  new  m odels w h ich  can accom m odate  such 
com plexities.
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T h e  D R21 H 2 em iss ion - l ine  je ts  exh ib i t  p ro files  w ith  velocity  w id ths  (> 100 
k m s-1 f ro m  the  cloud rest  velocity) tha t  g rea tly  exceed  the  m olecular  
d issocia tion  l im it  (V ^ jss «  50 k m s - 1 ). T h e  h ig h es t-v e lo c i ty  emission m ay  arise 
f ro m  cloudle ts  o f  dense  m olecular  gas th a t  m ove ou tw ards  a t a lm ost the flow 
velocity , w hereas  the in tense  emission tha t  charac ter izes  the l in e -c o re  p ro b ab ly  
arises f ro m  shocked  am b ien t  gas tha t is sw ep t up to fo rm  a dense, 
s lo w ly -m o v in g  shell tha t  borders  the expansion  region. O u tf low  velocities in the 
DR21 je ts  o f  o rd e r  100 k m s- 1 , as observed  here ,  are s im ilar  to those tha t 
ch a rac te r ize  the  O rion  o u tf low  and ind ica te  th a t  the  O rion  ou tf low  is no t tru ly  
u n iq u e  w ith  re spec t  to its u l t ra -h ig h  velocities. T h e  bu lk  o f  the ou tf lo w  gas, 
ho w ev er ,  is p ro b ab ly  exp an d in g  at considerab ly  slower velocities, as the CO 
profiles  ex h ib i t  wings w h ich  ex tend  no fu r th e r  than  + / -  50 k m s-1 f ro m  the 
DR21 rest  velocity . Indeed ,  the  CS observations,  w h ich  are an exce llen t  p robe  
o f  the  location  and  velocity  s truc tu re  o f  the  densest gas in the ou tf lo w  system, 
are  c h a rac te r ized  by  profiles  tha t  ex tend  to only  + / -  10 k m s-1 f ro m  the  rest 
velocity . O w ing  to the exceedingly  large mass d e r ived  f ro m  in teg ra ting  the  CS 
line em ission over the fu ll  ex ten t  o f  the  ou tf lo w  lobes (> 1 0 4 M  0), it  is alm ost 
ce r ta in  th a t  this slower m oving , bu t  still h ig h ly -su p e rso n ic ,  dense gas is 
associated  w ith  the s w e p t-u p ,  com pressed  a m b ie n t  m e d iu m  ra th e r  than  the 
d riv ing  w in d  itself. T h e  h ig h -v e lo c i ty  CS gas m ay  be o v e ra b u n d a n t  by two 
orders  o f  m ag n itu d e ,  in  good ag reem en t w ith  the p red ic t ions  of  n u m er ica l  shock 
models.
T h e  v ib ra t io n a l ly -e x c i ted  H 2 and ro ta t iona l  CO & CS emissions arise  f ro m  
spatia lly  separa te  regions o f  the f low , each reg ion  ch arac ter ized  by  d i f f e re n t  
values o f  densi ty ,  te m p era tu re  and velocity . Th is  implies the p resence  o f  a 
com plex  m ix tu re  o f  physical conditions w ith in  the  m olecu la r  gas th a t  fo rm s  the
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DR21 o u tf lo w  lobes. T he  low beam  filling fac to rs  der ived  f rom  the 
h ig h -v e lo c i ty  wings o f  the CO and CS profiles fu r th e r  suggest th a t  the  ou tf low  
m ed iu m  is com posed  o f  m any  small c lum ps tha t  fill only  ~ 10% o f  the total 
su rface  area. F ro m  analysis o f  the  smoothness o f  the h ig h -v e lo c i ty  portions of  
the  observed  line p ro files  it  appears  tha t i f  the  o u tf low  gas is c lu m p ed ,  then  
these c lum ps m ust be very  small (<0.01 pc) in o rd e r  to suppress  large 
f luc tu a t io n s  in the emission b e tw een  ad jacen t  ve locity  channels . It is suggested 
th a t  m ore  detailed  rad ia t ive  tran sfe r  models in c o n ju n c t io n  w ith  h ig h e r  spatial 
a n d  spectra l  resolu tion  observations are requ ired  in o rd e r  to investiga te  fu r th e r  
the  velocity  w id th  and size scale o f  the c lum ps and to q u a n t i fy  the im p o r tan ce  
o f  tu rb len ce  in the ou tf low  gas.
T h e  de ta iled  in te rna l  s t ru c tu re  o f  the m olecular  ou tf low  je ts ,  as de l inea ted  by 
the  sh o c k -e x c i te d  H 2 line em ission, indicates the  p resence  o f  an  exceed ing ly  
c lu m p y  m ed iu m , w ith  the b r ig h te s t  emission peaks per iod ica lly  spaced  along the 
j e t  axis in  a rem ark ab ly  regu la r  fashion. This  per iod ic  c lum ping  is h igh ly  
rem in iscen t  o f  labora to ry  m easurem ents  and theore t ica l  m odels o f  p ressure  
co n f in ed ,  f lu id -d y n a m ic a l  je ts  tha t  a re  com m only  em ployed  to expla in  the 
observed  m orpho logy  of  extragalactic  plasm a je ts . It is th e re fo re  suggested  that 
the  large scale co llim ation  m echan ism  opera tive  in  the  DR21 m olecu la r  cloud 
m ay  involve unstab le  p ressure  co n f in m en t  a f te r  su d d en  e jec t ion  f ro m  a nozzle, 
fo rm e d  at the  ou te r  b o u n d a ry  of  the dense cloud core. If  such  physics do 
p e r ta in ,  then  the  p resence  of  substan tia l  lateral m otions w ith in  the  j e t  m ay  
excite  a t ra in  o f  ob lique  shocks, the  in te rac tion  o f  w h ich ,  resu lt  in  the 
fo rm a t io n  o f  a succession o f  com pression and  ra re fa c t io n  waves th a t  are 
per iod ica lly  spaced along the  j e t  axis. T he  sh o ck -ex c i ted  H 2 em iss io n - l in e  
c lum ps m ay  th en  be associated w ith  the com pression  regions, w h ere  the  oblique 
shocks converge , and the  gaps in  be tw een  w ith  the  ra re fac t io n  reg ions, w here
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the  je t  expands free ly  and  cools rap id ly .  A detailed  h ig h -a n g u la r  resolution 
t :
s tudy  o f  the  spa t ia l  d is t r ib u t io n  and shape  o f  the  sh o ck -ex c i ted  em iss ion -l ine  
knots should  be able to test this hypothesis .
T h e  exc iting  possibilty  exists tha t  i f  the  m olecular  ou tf low s seen w ith in  our 
ow n galaxy are collim ated via a scaled dow n version o f  the same physical 
m echan ism  tha t  collimates the re la tiv is tic  plasm a jets  o f  lum inous rad io  galaxies, 
then  a detailed  k inem atic  s tu d y  o f  energe tic  m olecular  je ts  m ay supp ly  useful 
in fo rm a tio n  tha t  m ay help develop  ou r  l im ited  u n d e rs tan d in g  o f  how je ts  fo rm
r*
in general. It m ay  also be t ru e  tha t  a m ore  deta iled  s tudy  o f  the  role p layed  by 
g rav ita tiona l accre tion  onto massive pro toste llar  discs, the  m echan ism  now 
believed  to pow er  the m olecu la r  flows in  s ta r - fo rm in g  regions, m ay also lead to 
a b e t te r  und ers tan d in g  o f  the  physical na tu re  of  the  d riv ing  engine  at the  hear t  
o f  active galactic nuclei  and  o the r  accre t ion  d o m ina ted  systems. Clearly , 
con t in u ed  studies o f  m olecular  flows w ith in  galactic s ta r - fo rm a t io n  regions are 
o f  vital im p o r tan ce  n o t  only  fo r  im pro v in g  our u n d e rs tan d in g  o f  the 
s ta r - fo rm a t io n  process b u t  also because  o f  the ir  d irec t  app lica t ion  to m an y  other 
in te res t ing  areas o f  astronom y.
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1-0 S(0) 2.2235 4497.41 5 6471 2.53(-7)
1-0 S(l) 2.1218 4712.91 21 6956 3.47(-7)
1-0 S(2) 2.0338 4917.01 9 7584 3.98(-7)
1-0 S(3) 1.9576 5108.40 33 8365 4.21(-7)
1-0 S(4) 1.8920 5285.52 13 9286 4.19(-7)
1-0 S(5) 1.8358 5447.25 45 10,341' 3.9 6 ( —7 )
1-0 S(6) 1.7880 5592.9 17 11,522 3.54(-7)
1-0 S(7) 1.7480 5720.8 57 12,817 2.98(-7)
1-0 S(8) 1.7147 5831.9 21 14,221 2.34(-7)
1-0 S(9) 1.6877 5925.1 69 15,722 1.68(-7)
1-0 S(10) 1.6665 6000.6 25 17,311 1.05(-7)
1-0 S(11) 1.6504 6059.0 81 18,979 0.53(-7)
1-0 Q(1) 2.4066 4155.25 9 6149 4.29(-7)
1-0 Q(2) 2.4134 4143.47 5 6471 3.03(-7)
1-0 Q(3) 2.4237 4125.87 21 6956 2.78(-7)
1-0 Q(4) 2.4375 4102.57 9 7584 2.65(-7)
1-0 Q(5) 2.4548 4073.72 33 8365 2.55(-7)
1-0 Q(6) 2.4756 4039.5 13 9286 2.45(-7)
1-0 Q(7) 2.5001 3999.9 45 10,341 2.34(-7)
1-0 0(2) 2.6269 3806.79 1 5987 8.54(-7)
1-0 0(3) 2.8025 3568.21 9 6149 4.23(-7)
1-0 0(4) 3.0039 3329.03 5 6471 2.90(-7)
1-0 0(5) 3.2350 3091.19 21 6956 2.09(—7)
1-0 0(6) 3.5007 2856.55 9 7584 1.50(-7)
1-0 0(7) 3.8075 2626.37 33 8365 1.06(-7)
1-0 0(8) 4.1625 2402.4 13 9286 0.74(-7)
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2-1 S(0) 2.3556 4245.15 5 12,095 3.68(-7)
2-1 S(l) 2.2477 4448.95 21 12,550 4.98(-7)
2-1 S(2) 2.1542 4642.04 9 13,150 5.60(-7)
2-1 S(3) 2.0649 4842.74 33 13,890 5-77(-7)
2-1 S(4) 2.0041 4989.84 13 14,764, 5•57(-7)
2-1 S(5) 1.9449 5143.73 45 15,763 5.05(-7)
2-1 S(6) 1.8947 5277.8 17 16,880 4.30(-7)
2-1 S(7) 1.8528 5397.3 57 18,107 3.38(-7)
2-1 S(8) 1.8183 5499.6 21 19,434 2.41(-7)
2-1 S(9) 1.7904 5585.2 69 20,853 1.49(-7)
2-1 0(2) 2.7862 3589.11 1 11,635 12.9(-7)
2-1 0(3) 2.9741 3362.40 9 11,789 6.40(-7)
2-1 0(4) 3.1899 3134.93 5 12,095 4.4l(-7)
2-1 0(5) 3.4379 2908.75 21 12,550 3.18(-7)
2-1 0(6) 3.7236 2685.58 9 13,150 2.28(-7)
2-1 0(7) 4.0540 2466.7 33 13,890 1.62(-7)
3-2 S(0) 2.5014 3997.73 5 17,389 3.88(-7)
3-2 S(l) 2.3864 4190.33 21 17,818 5.14(-7)
3-2 S(2) 2.2870 4372.49 9 18,386 5.63(-7)
3-2 S(3) 2.2014 4542.57 33 19,086 5.63(-7)
3-2 S(4) 2.1280 4699.32 13 19,912 5.22(-7)
3-2 S(5) 2.0656 4841.3 45 20,856 4.50(-7)
3-2 S(6) 2.0130 4967.7 17 21,911 3.57(-7)
3-2 S(7) 1.9692 5078.1 57 23,069 2.54(-7)
3-2 0(2) 2.9620 3376.07 1 16,952 14.1(-7)
3-2 0(3) 3.1637 3160.81 9 17,098 6.86(-7)
3-2 0(4) 3.3958 2944.80 5 17,387 4.87(-7)
3-2 0(5) 3.6630 2729.99 21 17,818 3.52(-7)
3-2 0(6) 3.9721 2517.58 9 18,386 2.53(-7)
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0-0 S(0) 28.221 354.35 5 510 2.94(-ll)
0-0 S(l) 17.035 587.04 21 1015 4.76(-10)
0-0 S(2) 12.279 814.43 9 1682 2.76(-9)
0-0 S(3) 9.6649 1034.67 33 2504 9.84(-9)
0-0 S(4) 8.0258 1245.98 13 3474, 2.64(-8)
0-0 S(5) 6.9091 1447.36 45 4586 5.88(-8)
0-0 S(6) 6.1088 1636.97 17 5829 1.14(-7)
0-0 S(7) 5.5115 1814.40 57 7197 2.00(-7)
0-0 S(8) 5.0529 1979.08 21 8677 3.24(-7)
0-0 S(9) 4.6947 2130.06 69 10,263 4.90(-7)
0-0 S(10) 4.4096 2267.80 25 11,940 7.03(-7)
0-0 S(11) 4.1810 2391.79 81 13,703 9.64(-7)
0-0 S(12) 3.9947 2503.0 29 15,549 1.27(-6)
0-0 S(13) 3.8464 2599.0 93 17,458 1.6 2(—6)
0-0 S(14) 3.724 2685.3 33 19,402 2.00(-6)
0-0 S(15) 3.625 2758.9 105 21,400 2.41(-6)
0-0 S(16) 3.547 2819.3 37 23,459 2.83(-6)
0-0 S(17) 3.485 2869.5 117 25,539 3.26(-6)
0-0 S(18) 3.438 2908.3 41 27,643 3.68(-6)
0-0 S(19) 3.404 2937.8 129 29,765 4.10(-6)
0-0 S(20) 3.380 2959 45 31,895 4.51(-6)
0-0 S(21) 3.369 2968 141 34,036 4.9 (-6)
0-0 S(22) 3.366 2971 49 36,173 5.3 (-6)
0-0 S(23) 3.372 2966 153 37,728 5.7 (-6)
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APPENDIX 1 : H 2 VIBRATION/ROTATION LINES (continued)
TRAN WAVELENGTH FREQ G(J) Eupper A






CNl S 0) 1.1896 8406.3 5 12 095 1.27 -7)
2-0 S 1) 1.1622 8604.2 21 12 550 1.90 -7)
2-0 S 2) 1.1382 8785.5 9 13 150 2.38 -7)
2-0 S 3) 1.1175 8948.6 33 13 890 2.77 -7)
2-0 S 4) 1.0998 9092.4 13 14 764 3.07 -7)
2-0 S 5) 1.0851 9215.5 45 15 763 3.28 -7)
2-0 Q 1) 1.2383 8075.3 9 11 789 1.94 -7)
2-0 Q 2) 1.2419 8051.9 5 12 095 1.38 -7)
2-0 Q 3) 1.2473 8017.2 21 12 550 1.29 -7)
2-0 Q 4) 1.2545 7971.1 9 13 150 1.25 -7)
2-0 Q 5) 1.2636 7913.9 33 13 890 1.23 -7)
K
D 1 O Q 6 ) 1.2745 7846.4 13 14 764 1.21 -7)
2-0 Q 7) 1.2873 7768.1 45 15 763 1.20 -7)
2-0 Q 8) 1.3020 7680.4 17 16 880 1.18 -7)
2-0 Q 9) 1.3188 7582.8 57 18 106 1.17 -7)
2-0 0 2) 1.2932 7732.6 1 11 635 3.47 -7)
2-0 0 3) 1.3354 7488.3 9 11 789 1.61 -7)
2-0 0 4) 1.3817 7237.5 5 12 095 1.03 -7)
K
D 1 O 0 5) 1.4322 6982.5 21 12 550 6.98 -8)
2-0 0 6) 1.4870 6725.1 9 13 150 4.72 -8)
2-0 0 7) 1.5464 6466.6 33 13 890 3.15 -8)
2-0 0 8) 1.6104 6209.5 13 14 764 2.05 -8)
2-0 0 9) 1.6796 5953.7 45 15 763 1.31 -8)
2-0 Q 3) 1.247 8017 21 12 550 1.29 -7)
3-1 Q 3) 1.324 7553 21 17 818 3.34 -7)
4-2 Q 3) 1.409 7096 21 23 295 5.60 -7)
5-3 Q 3) 1.502 6660 21 27 500 7.65 -7)
6-4 Q 3) 1.61 6210 21 31 700 9.16 -7)
7-5 Q 3) 1.74 5750 21 35 700 9.77 -7)
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